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PREFACE 



This book is written mainly for university students and research 
workers. The objective is to give the biologist a more critical approach 
to the interpretation of population figures than will be found in most 
current texts of general ecology. 

It was in 1969 when we were all concerned with teaching a course 
on insect population dynamics to students at Oxford that we decided 
to collaborate and prepare this book. Now we teach in three depart- 
ments in two universities. This separation has helped to delay the book, 
but has enabled us to include a lot of new and valuable facts and ideas, 
as will be seen from the many citations in the bibliography of papers 
published in the last four years. 

We wish to thank the many students with whom we have discussed 
the problems in this book. They hav( forced us to clarify our ideas, 
reinterpret a number of the basic eool(>gical papers, and to simplify our 
terminology. 

Preface to second printing. 

Reprinting the book has enabled us to clarify a few small sections on 
pages 124, 134, 176 and 192 and to add in a few important new refer- 
ences. We wish to thank those readers who have kindly called our 
attention to various errors which we have now been able to correct. 

Sadly we record the sudden death of George Gradwell, in July 1974. 
His work helped us greatly in the preparation of the first edition of this 
book. 

G.C.V., M.P.H.. October 1974 
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EXPRESSING POPULATION CHANGES 



1 . 1 Synopsis 

Census figures for insect populations can be lepiesented in a 
number of dififerent ways; we distinguish total population curves, 
partia] population curves, generation histograms and generation 
curves. These can be plotted either on logarithmic or arithmetical 

scales. 

With full census information, population changes can be 
assigned either to reproduction or to mortality from some identi£- 
able causes. Mortality can be expressed either numerically or as 
percentages of survival or mortatity, but is most conveniently 
expressed as the ^- value; this is a measure of the 'killing power' 
of a particular mortality factor on a logarithmic scale. 

1 .2 Introduction 

Population studies ore rapidly gaming in importanoe partly because 
of the human population explosiiMi. The same basio principles probably 
govern the populations of man and of other animals, but insects provide 
exceptionally simple material for field studies of population problems. 
They are also convenient for experimental study in the laboratoiy, 
where they can be onltnred cheaply for many generations in a short 
time. Some insects which are serious pests of agricultural or forest 
crops have been counted and studied in detail so that the figures for 
many consecutive generations can be compared and analysed. Other 
important insects like lice, mosquitoes, and tsetse flies wliich transmit 
human diseases are harder to count. Ways of reducing their numbers 
have been sought for most of the last century with varying success, 
but progress in the understanding of their status lias been slow. We 
have found few examples from medical entomology to illustrate the 
principles ot population dynamics. Too often only the easy things 

1 
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have been meanured, and the interpretation of the figures demands 
ob8ervati<»is which have not yet been made. 

Besearoh workers who ahead j have some jfomiUarity with the 
literature will realise how much our understanding of any basic eco- 
logical problem depends on the choice of an easy animal to study and 
on the planning of the census work or experimental study. Ideally 
research workers should fully understand both the theoretical back- 
ground and the methods they will use for the analysis of their figures 
at the time the work is being planned so that no vital measurement is 
omitted. Of course this ideal is hard to realize, especially when methods 
are changing ; but without very careful planning the results of ecological 
work may be difficult or impossible to interpret. 

In this short book we make no attempt to give comprehensive 
coverage of the literature. We have concentrated on the clearest and 
simplest examples either from laboratory studies or from field studies 
of insects which have a single generation in the year. These have been 
easier to study than animals like aphids, with many generations in the 
year, or animals like locusts which migrate. Census figures for such 
migrants defy detailed interpretation at the present time. 

So this book is concerned with those census fignies which we are 
beginning to understand. Scientific understanding implies that the 
principles are clear and that their application provides a satisfactory 
explanation of the observations. The basic theories about populations 
were published long before we had any good census figures, and are 
commonly expressed in mathematical terms. To biologists who think 
in visual terms mathematios is like a foreign language: but the assump- 
tions mathematicians use are normally extremely simple and ean be 
presented as linear graphs when the right oo-ordinates are used. So we 
have expressed census figures in wajrs which enable us to test the 
theories. Some theories are confirmed, but others give snoh a poor 
matoh to observation that they must be rejected. 

Statistical treatment has been kept to the bare minimum because 
most of the paints we wished to make are reasonably dear without it. 
However, many numerical exerdses are indnded whidi are so graded 
that biologists without detailed mathematical knowledge can teach 
themselves how to analyse census figures, stage by stage. 

At the end of this chapter we show some of the ways in which 
population figures can be expressed. In CShapters 2 and 3 we discuss the 
effects of competition between individuals and between spedes for their 
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needs such as food or space. Then we discuss in Chapter 4 how predators 
and parasites behave in their search for their specific food requirements, 
and in Chapter 6 the effects of weather and climate. In the last four 
chapters we consider ways of handling the complexities of real field 
problems. Chapter 6 is concerned with preparing life tables for the 
simple case of an insect with an annual life cycle. Even a short series of 
lile tables leads to a deeper undeistandiiig of how the animal and its 
environnieiit interact. Chapter 7 gives a simple account of our analjrsiB 
of a knger serfes of census figures for the winter moth and shows how 
fiff we can model the population changes and 'explain' them. In 
oontniat, Chapter 8 conaiders how far outbreaks of forest insect pests 
can be iiiideratoodi» even whm we have moomplete life table data. 
Lsstly we oonsider tiie praotioe of biologioal oontrol of agiiooltiiral 
and forest pests. 

We imdentand the populatUms of man and other anhnals less wall 
than the populations described in this book because the necessary 
facts axe not yet ayailaUe for them. If it is important enough, and the 
difficulties are laced and overcome, then ways will be found to under- 
stand otiier kinds of populations snd manage them if necessary. In 
this book we try to lay firm foundations. 



1 .3 Popnlatioii curves 

Before discussing the real differences between the ways in which 

populations change in the field or in the laboratory, we must first 
eliminate the apparent differences which arise from the diverse methods 
which are used to present census figures. 

Suppose that we had complete information available about the 
changes in numbers of an insect with an annual life cycle, as illustrated 
for a hypothetical species in Fig, 1 . 1a. There is a short breeding season 
during which the females lay their eggs, after which the adults die. 
From the eggs hatch the larvae, which pass through three stages during 
which they feed and grow. The long pupal stage leads to the adult 
stage in the next season. 

The total population curve represents the total number of individuals 
of all stages, or their population density, plotted against time. Within 
the life-span of a single insect we require many observations and the 
numbers of oggs, larvae, pupae and adults are summed for each count. 
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Thm ia, in each generatioii, a laige peak of ntimben in the bleeding 
aeason when the egg stage predonunatee numerically. 

The partkH popidaUon ewrves vepfeeent sepaxately the numben of 
eggs, the numbers d larvae in each di£ferent stage, the numbers of 
pupae and the numbers of aduhs present. Tou wiU notice in our 
example that there is a time when oM individuals are pupae, so that at 
this seascm, the pupal population curve and the total population curve 
coincide. Kotioe that the peaks of successiye stages tend to be smaller 
and smaller, because some insects die in each stage. When adults and 
eggs are present together and when there are larvae of dififerent stages 
present at the same time, the peak number of any stage is considerably 
less than the total population. No single census count in Fig. 1 . 1a 
will provide directly a figure for the total number of insects entering 
a given stage of the life cycle. When we need these figures — as we do to 
prepare a life-table (Chapter 6) — they must be obtained indirectly 
from a series of census counts. For example, let us suppose that we wish 
to find the number of adults emerging in a generation from a partial 
population curve for adults. The simplest method is to calculate the 
area beneath the adult curve, which represents 'adult days', and divide 
this by the mean adult life span. This method is only appropriate if any 
mortality of adults occurs entirely at the end of the stage. If mortality 
is fairly constant throughout the stage, the method of Richards & 
W^aloff (1954) is likely to be more accurate. Several of these techniques 
have been well reviewed by Southwood (1966). 

1 .4 Generation histo^ams and generation curves 

ASbBt we have estimated populatioii dennty or the number of individuals 
pamring through some particular stage fiom census data for a number of 
diffiarent generations, we can plot these figures against the particular 
generation number. Using the population eurves in Fig. 1.1a we have 
plotted for each year histograms for the first stage larva and the adult 
inseots in Fig. 1.1b. The figure used for the adult generation histogram- 
is the peak ef the cumulative adult population curve of each generation. 
Data of this kind are logically presented as a histogram. In practioe 
the infonnation is often presented as a genieralion eurse, in which lines 
join suoosssivB points. This is ecmvenient but illogical, because the line 
does not correctly represent the population at times intermediate 
between the points as would be the case in a population curve 
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Generations Generations 



Fig. 1.1 Hypothetical population figures for three insect generations. 
A The partial population curves for the egg E, the larval stages 1-3, 
the pupa and the adult A are summed to give the total population 
enrve. The asymptote of the cumulative adult populatton curve 
diows tlie total adult emergence fbr each geoevatiaa. 
B Some of the seme flguiei plotted as a generatioii liittogiram. 
G The tame figoiee as in B shown as gene»tloii cunrea. 
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(Fig. 1.1a). The line in fact hM no objeotive meaning, but merofy 
aervw to lead the eye from one point to the next in the 8erieB. .Fig. 1 . 1 
has been provided heie to define tiieee terms, and to emphasize that 
the same information looks quite different when plotted in different 
ways. The converse is also true — if census results or theoretical curves 
which have been plotted in different ways happen to have the same 
shape, their basic causation is nevertheless likely to differ. We shall see 
in Section 2 . 6 how a misunderstanding arose because of the superficial 
similarity between two curves, one of which was a generation curve 
and the other an adult population curve. 



1 .5 Linear and logaritlimic scales 

All the graphs in Fig. 1.1 have time or genefstion number as the inde- 
pendent Tariable, which is n(nrmally plotted on the horizontal scale— 
the abscissa. The population number is plotted on the ordinate. We 

have not used real insect observations in Fig. 1 . 1 because the real figures 
available to us changed by up to a hundredfold or more. If the scale 
of the ordinate is linear and also inoludos the maximum numbers, then 
the minimum numbers are so small that they cannot be read from the 
graph. A logarithmic scale for the ordinate avoids this difficulty; 
however big the changes in numbers are, population changes at the 
lower end of the scale are still visible. Changes in the population, such 
as result from the production of a fixed number of eggs per female 
during the breeding season, appear as equal increments to the popula- 
tion, however big or small the population may be at the time. Similarly, 
proportional decreases in population caused by mortality are easier to 
relate to each other when a logarithmic scale is used because a decrease 
of 50 per cent in numbers will always reduce the logarithm of the 
population by 0-3. Whenever the term logarithm or log is used, as here, 
without a sufifiz, a logarithm to the base 10 is implied. 



1.6 Mortality and survival 

We can illustrate simply the different ways in which mortaUty and 
survival can be expressed with the hypothetical figures in Table 1.1. 
Line 1 of the table shows the changes in numbers during a single 
generation. The thousand eggs hatch to produce only 100 small larvae, 
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50 survive to become large larvae, 20 reach the pupal stage, and 10 
reach the adult stage. 

Line 2 of the table shows the number which die in each interval 
between the counts and the sum (990) is the total number of individuals 
that die before the adult stage is reached. In line 3 are figures for the 
percentage mortality calculated in relation to the ongjnal egg number. 
When summed, these percentages equal 99 per cent — only 1 per cent 
of the eggs have produced adults. The figures showing the mortality in 
each stage as a percentage of the number of individuals alive at the 
beginning of the stage we term the weeeuive percentage mortaHt'jf 
(line 4). It is sometimes known as the *appaient mortality' in oontrast 
to the 'real mortality* in line 3. When mortality is calculated as suooes- 
sive percentages, the sum of the percentages has no meaning. Line 6 
shows the percentage which survive at each stage and this is expressed 
as a decimal fraction in line 6. The firaction surviving is useful in a 
variety of calculations about populations; the product of the values 
of fractions surviving gives us the generation survival of 0*01. If we 
convert the population figures to logarithms as in line 7, then the effidcts 
of the mortality factors can be expressed logarithmically as thnr 
MSUng power, or l;-value, which is the difference between the logarithms 
of the population before and after the mcnrtafity acts. So when the 
egg population {log Ne = S) changes to a population of small larvae 
(log Nli = 2) the A;-value of the mortality factors concerned is 3 -- 2 = 1. 
For the pupal mortahty, the ^;-valiie is 0 3. This method of expressing 
successively acting mortalities has the advantage that the A:-values 
can be added up ; and since they act in sequence their sum equals the 
generation mortality A' {K = 2*0 in Table 1.1). Inspection of the last 
two lines of Table 1 . 1 shows how convenient and easy it is to express 
populations by their logarithms and the effects of a mortality by the 
A;-value, because the new population is obtained by subtraction of the 
ifc- value from the logarithm of the preceding population. 

Reproductive rates are conveniently expressed logarithmically. If 
Table 1 . 1 represents a stable population, the adults must have laid 
200 eggs per female (with the sexes in equal proportion a mean egg 
capacity of 100); the log fecundity then has the value of 2. On this 
system, when a population is in balance the logarithmic increase log F 
and the generation mortality K must be equal. If the mean egg produc- 
tion per adult varies from generation to generation, then this change 
can also be expressed as a i(;-value (iko) as in Chapter 7. 
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1 .7 Overlapping generations and oontinuoiis breeding 

The simple ways of expressing numbers and population changes which 
we have illustrated in this introduction are applicable to many insects 
and other animals but not to all. The most intractable populations are 
those with overlapping generations, where a lot of stages live together. 
For such inaeots as aphids, detailed census figures are very laborious to 
obtain and very hard to interpret. In this elementary' book we shall 
oonfine onnelveB largely to cases which are relatively simple to interpret 
beoauee the amount of overlap between stages is small. 
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DENSITY D£P£NDBNT PROGBSSBS AFFBGTING 
GULTURBS OF SINGLB SPBGIBS 



2.1 Synopsis 

When resources are in short supply, competition between indi- 
viduals reduces their reproductive rate or their survival. The 
effects of competition become greater with ciowdiiig and are 
therefore denaly dependent. The effects can oonveniently be 
isolated for eiqpeiunental stady in inseot cultures undet constant 
conditions wheore food sappfies axe zenewed. For insects with 
overiapping generotionB tiie observations have been described in- 
tenns of the YeilralBt-Pearl equation, which gives a sigmoid or 
logistic curve. When generations do not overlap, or when old and 
young individuals are not equal, changes in the structure of the 
population become important, and the logistic curve describes the 
observations inadequately. 

Realistic population models must include age-specific mortality. 
If an insect population with synchronized generations suffers only 
a densitj dependent mortalxfy, the snbseqaent population changes 
depend on the efiiMtive rate <^ increase and on whether competition 
is weak, modetate or severe. Moderate competition which under- 
compensates or only slightly overcompensates for population 
change may regulate the population at a stable level. In 'Scramble* 
competition some of the scarce resource is wasted and the resulting 
overcompensation can lead to a separation of generations and 
violent population change £com one generation to the next. 
Apparently simple erpadmentB on competition create sitnatioDS 
where thm are complex changes in both insect behaviour and 
insect nnmbeis. 
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Many species of insect can be reared in small oontainen. By providing 
a regular food supply, or by renewing tiie food at regolar intervals, the 

cultures can be maintained almost indefinitely. If ways can be fonnd to 

count the numbers present, we can observe how the population changes 
in the course of time under uniform conditions. These experiments are 
usually performed in an incubator which maintains a constant humidity 
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Fig. 2.1 Number of adult beetiM in a culture started with a smgle pair 
of JZAiwgMrtAa dbnMmba in 10 g of wheat grains, sifted and made up to 
10 g every week. Inset: adult beetle. Data firom Grcnnbie (19tf ). 



and temperature so the conditions are extremely artificial; but the 
experiments are in the tradition of scientific investigation because they 
permit the control of all variables except the population number. 
Intraspecific competition for food and for space become more importcint 
under these restricted oonditions and their effects can be studied in 
comparative isolation. 

Here we use the term competition in a precise way. Bakker (1961, 
1969) defined competition as a 'manifestation of the struggle for 
existence in which two or more oiganisms of the same or of different 
species exert a disadvantagepns influence upon each other because their 
more or less active demands exceed the immediate supply of their 
common resources'. Similar definitions have been given by Solomon 
(1949), Andrewartha & Birch (1954) and Mihie (1957). All include the 
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idea of Aam being done to a number of animals etriving for a reaaume 
which is in UmUed tm^y. We particolarly like Bakker's definition 
becanse, by including the word 'manifestation' he draws attention to 
the fiBMSt that it is just as important to be able to metutwre the effect of 
competition as it is to know its cauM. To assess the effisot of competition 
we must (1) measure the changes in the supply of the resources, 

(2) measure the number of individuals competmg in the population, and 

(3) assess the disadvantageous influences which may show either as a 
reduction in the number or proportion which survive, or as a reduction 
in growth rate, adult weight or reproductive capacity. 

In this chapter we are concerned only with competition between 
individuals of the same species. To take a simple example first, Cronibie 
(1945) began cultures of the lesser grain borer, a small Bostrychid beetle 
Rhizopertha dominica, with single pairs of beetles in 10 g of wheat 
grains (approximately 200 grains). These grains had been 'cracked' by 
slight compression. The female lays her eggs only in such cracks. 
Every week the grains were sieved off, their weight made up to 10 g 
with freshly cracked grains and the powdery faecal matter was rejected. 
This procedure kept the food resource approximately constant. Beetle 
eggs, larvae and pupae remained hidden in the grains and were not 
counted, but live and dead adult beetles were counted every two weeks. 

The results of the experiment (Fig. 2. 1 ) seem .simple — the population 
built up steadily until it reached a stable level with a mean value of 338 
beetles. 



2.3 Theoretical background 

If population growth is regarded as a continuous process, a mathemati- 
cal model of population change can be derived from simple differential 
equations. If the population number at time t is Nt^ then the population's 
instantaneous growth rate {dNjdt) is given by : 

^-r^ (2.1) 

where r^i is the intrinsic rate of natural increase of the population (the 
maximum rate of increase = birth rate — death rate under fixed con- 
ditions of temperature and humidity). If the population number at time 
to is Nq, then by integration the population at time ( is given by 

Nt^NoexpiTml) (2.2) 
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In BBlnml (Napierian) logarithms this heoomes 

log* - loge ^0 +riit« (2.8) 
or in logarithms to the base 10. 

log Nt = log No +r„,<(log e) (2 . 4) 

Curves based on these equations are shown as curve (a) in Figs. 2.2A 
and 2 . 2b on arithmetical and logarithmic scales respectively. 

Malthus in 1797 followed this line of thought in relation to human 
population. He explained that the increase could not continue 
indefinitely and that 'misery and vioe' must eventually limit the rise. 
Figure 2.1 showed that Bhizopertha population ceased to increase 
onoe it had reached a level a little above 300. Verhulst (1838) and 
Pearl ft Beed (1920) independently ezpreesed this idea mathemstioally 
in what is now known as the logistic or Veiliulst-Feeii equsAion. They 
assumed that thp adual rate of merease per individual as opposed to 
the intrinsic rate (fm) which is a constant) is reduced as the population 
{N) rises to a stable upper limit (ic) whidi is the canying capacity. 

It is the addition of the term (K'-N)Ik in this equation that makes the 
logistic curve depart fipom the eoq^onential growth curve as shown in 
Fig. 2.2. As the population inereases, the rate of increase (r), whese 
r at rfn(K^N)lK, is p t o g i e sslve ly reduced and it approaches sero (birth 
rate « death rate) when the population has reached the value of «. 
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Fig. 2.2 Calculated exponential and kgtatie popolatim growth 

A Population N plotted against time. 

B Popalation plotted as log N agamflt time. 
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This is dearfy shown fai Fig. 2 . 2b. The important biological implication 
of this popidatioa model is that there is feedback between the size of 
the population and the rate at which the population increases. 

The logistic curves in Figs. 2 . 1 and 2 . 2 have been fitted using 
the integral form of equation (2 . 5) 

l+5ezp(-r«,l) 

The constant h is related to the point of inflection of the curve {t') 
on the time axis 

(2.7) 

The predicted population size at this time {N') is always half of the 
value of K, {N' = Kj2). These oo-ordinates are shown in Fig. 2 . 2a. 

Crombie (1945) obtained a very satisfactory agreement betweoi a 
logistic cnrre and his numbers for Kkizopertha (Fig. 2.1), but he was 
wrong to daam that the biological assumptions on which the logistic 



B Cumulative total 




Time in weeks 

Fig. 2.3 Partial population curves for a culture of Triholium cnstaneum. 
Data from Lloyd 1965, culture A5. Lloyd gives separate figures for the 
predated pupae (B) and newly emerged adults (€) and for the dead 
fully matuie adulte (D). 
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curve was based were therefore proved to be true for practical pur- 
poses'. When Orombie studied the flour moth Sitotroga cerealella under 
exactly similar circumstances, the moth population did not become 
stable. In fact we choee to illustrate the logistic curve by Cronibie's 
figures for Mhizopertka because they fit much better than any other 
example we know from the insects. Most observations give a veiy 
different picture. 

Figure 2.3 shows the results of some studies by lioyd (1965, 1968) 
using the flour beetle Tribolium castaneum. Here the agreemieiit between 
the ooimtB of the adult beetles and the beet fitting logistic curve is 
rather poor. But even supposing the fit were excellent, this would not 
demonstrate that the observations could be explained only in relation 
to the logistic curve. There are in fact a number of formulae which give 
curves of this general type and Lloyd's detailed observations show how 
veiy complex the interactions are between the various stages of the 
same insect when crowded together. He counted eggs, small and large 
larvae, prepupae, pupae and adults every week for a large number of 
replicated cultures. He gave separate figures for dead pupae, dead 
callow adults (still not fully pigmented) and dead mature adults, which 
we show as cumulative curves in Fig. 2.3. Figure 2.4 gives for one 
representative experiment the partial population curves for these 
stages plotted on a logarithmic scale. These can be compared with the 
results of the same replicate in Fig. 2.3 where an arithmetic scale 
was used for the live adults and for the dead adults and dead pupae, 
which are shown as cumulative curves. 

The figures for the adults are fairly constant from the twelfth week 
onwards, but the numbers of other stages — especially the pupae — 
show violent changes. Lioyd found that the adult beetles and the larger 
larvae fed on both the eggs and the pupae. Inspection of the timing of 
the population changes in Fig. 2 . 4 shows that whenever the population 
of large larvae reached a peak, then the number of eggs found was 
reduced* Note also that the peaks of egg numbers were followed in 
sequence by peaks in number of small and large larvae, and then by 
peaks of prepupae and pupae. However, the changes in the population 
number of pupae have remarkably littie dfect on adult reoruitment. 
The cumulative number of dead adults in Fig. 2.3d shows that 
the turnover <^ mature adults is very slow — ^many adults produced at 
the bcghming of the ^qperiment must still be alive at the end; their 
potential longevity is as much as 70 weeks. 
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This experiment suggests that the attempts to explain the adult 
curves in terms of the Verhiilst^Pearl equation fail partly because the 
equation completely neglects the changing age structure of the popula- 
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Fig. 2.5 The rioe uroevil Colwubti {^SUopMua) oryzae was euttofed 
in 12 g of wheat whioh uras renewed every two weeks. Date fioom Birch 
1953. 



tion. N in equation 2.5 only repreeents adult numbers. Sang (1950) 
reached a sin^lar oonduaion from a study of populataons of fruit-flies. 

How then did the simple our^e for khizopertha shown in Fig. 2 . 1 
arise? We suggest as an alternative explanation that the original pair 
of beetles produced many larvae — perhaps as many as the lOg of 
wheat could support. When these in turn become adult, they would 
emerge over a period of some weeks. If the number of adults emerging 
per day had a normal frequency distribution and individual adults 
lived for many months, then the number of adults present at any tim ^ 
during the eiucrgeucc period would be the cumulative total. A plot of 
adult numbers against time would be a sigmoid curve very similar in 
shape to a logistic curve, but its biological implications are quit« 
different. Figure 2.5 shows the adult population curve for the rice 
weevil Sitophilus { = Calnjidra) oryzae (Birch 1953). We suggest that 
the two peaks might merely represent two adult generations (compare 
Kg, 2.13). 

The logistic equation, therefore, seems unsuitable to describe the 
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growth of insect populatioDS whero the rate of manage is normally 
high and the longevity of di£ferant age daaaee Is long relative to the 
time periods oonaidered. Having said this, we should point out that the 
logistic curve may fit well for populations of bacteria, yeasts or plank- 
tonic algae which reproduce by binary fission. To a first approximation 
it may also fit population changes of more complex animals whose 
generations overlap and which have a low reproductive increase per 
generation. Pearl & Reed (1920) fitted logistic equations to human 
census figures, but in the 50 years since then the actual census figures 
deviate increasingly from their extrapolation. Such predictive errors 
can arise either from the use of a poor model, or from unexpected changes 
in the environmental conditions. 

2.4 The deflnldon of density dependence 

Earlier in this chapter we mentioned that the logistic equation implies 
an inverse relati<m8hip between population density and the rate of 
increase (r) of the population. Ecologiste nowadays call this a density 
dependent efifoct on the rate of increase and the ecological literature is 
full of references to density dependence and density indepen- 
dence, UBualiy with reference to mortality factors. What do these 
terms mean? 

In their classic study of the gipsy moth and the brown tailed moth, 
Howard & Fiske (1911) gave the first dear exposition of insect popula- 
tion dynamics. They distuigmshed three kinds of mortality factor as 
follows: 

1 'A natural balance can only be maintained through the operation of 
faeuUaHve agencies which efieet the destmoticHi of a greater proporMofuife 
number of individuals as the insect in question increases in abundance.' 

2 The destruction wrought by stmi, low or high temperature, or 
other weather conditions, is to be classed as eaJUuH/rophie, since they are 
wholly independent in their activities upon whether the insect which 
incidoatally suffers is rare or abundant.' 

3 'Destruction through certain other agencies, notably by birds and 
other predators are not directly affected by the abundance or scarcity 
of any single item in their varied menu . . . they average to destroy a 
certain gross namibef of individuals each year, and . . . work in a mamier 
which is the opposite of "facultative" as here understood* (Howard & 
Fiske 1911, pp. 107-108, our italics). 
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The terms we now use for these ideas were suggested b}- Harry S. 
Smith (1935). Smith's term density dependent is equivalent to facultative 
and density independent is equivalent to catastrophic. Howard and 
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Pt^. 2.6 Gn^hs to desoibe different relstioiishipe between percentage 
mortality and popolatioa deoaity and the teems applied to them. 



Flake's third category, where the proportion killed declines with 
increasing population density, is now commonly referred to as inverse 
density dependent mortality. These relationships are illustrated graphi- 
cally in Fig. 2.6. Howard & Fiske (1911), Nicholson (1933) and Smith 
(1935) and other later authors were right to emphasize the unique 
position of density dependent factors in stabilizing animal populations. 
They were mistaken however, in thinking that all relationships which 
fit the verbal definition have the properties needed to regulate popula- 
tions. (A regulated population is one which tends to return to an 
equiHbrium density following any departure from this level.) The 
situation was further confused because these authors thought that 
insect parasites (often called parasitoids) act as facultative or density 
dep^dent mortality factors. We shall consider them in Chapter 4. 
The oontinuous oultures refeired to earUer in this chapter whether 
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they be fruit-flies or beetles feeding in grain or flour are hafd to analyse 
because the generations overlap and many different things are happen- 
ing at once. In some other insects, especially those which have a single 
generation each year, the different developmental stages remain 
separate or overlap rather little in time (Fig. 1.1). It is easier to 
develop models for such populations and these help us to understand 
the importance of different mortality factors as causes of population 
change and population stability. In this chapter we will use simple, 
discrete-generation population models to demonstrate the ways in 
which density dependent factors can operate in isolation. Interactions 
between different types of mortality factors will be considered in later 
oliftptefs. 

2.5 Properties of density dependent factors when 

acting alone 

Bicker (1964) developed a simple way of showing the effects of density 
dependent mortalitieB on fishes which he also appHed to insects. He 
constructed 'reproduction curves' in which the egg population iNB^^.i) 
of each of a series of generationB is plotted against the egg population 
of the previous generation {Ngn)' 

Let us suppose that an insect population with a potential 10-fold 
rate of increase suflers a single density dependent mortality as defined 
in Vig. 2.7a. There is no mortality when the initial egg density is 
below 10, but the ib-vahie for egg mortality rises steeply with inereasmg 
egg denmties above 10. The equivalent curve of percentage mortality 
against egg number is shown in Fig. 2.7b. Figure 2.7o shows the 
corresponding reproducticm curve for this population. At low densities 
the population realizes its potential 10-fold rate of increase, but with 
populations above 10 the survival is progressively reduced, until when 
the curve crosses the diagonal line the egg population in successive 
generations is the same. Clearly, this reproductive curve can be used 
to read off directly the sizes of successive generations of the insect. If, 
for example, there are 10 eggs in a given generation we would start at 
point a in Fig. 2 . 7c by drawing a line parallel to the ordinate, which 
cuts the reproduction curve at 100. The fate of the next generation is 
read off starting from b. and of further generations from c, d and so on. 
These generations are plotted as histograms in Fig. 2.7d. Had we 
started with an initial population of 300 eggs (x in Fig. 2.7c), the 
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Fij*. 2.7 

A Defines on logarithmic co-ordinates a density dependent mortality 
for a population which suffers no mortality when egg density is below 10. 
B Showi the equivaleiii idationBhip on wifthnwttoal aoales. 
G Shoiwt the eot wi i ponding leprodnotion curve Ibr this popaletion 
with a ten-fdd inermee p«r genenitioii, ftom whieh we eea vead off the 
tine <tf Buocesaive generaticnu of eg^i when the initia] egg population is 
represented by point a or point x. 

D Shows a generation histogram for the changes in numbers of the 
population which starts at a and a generation curve for the changes in 
the population which begins at x. 

gimple construction of a series of steps between the leproduction curve 
and the diagonal givae the values for saoceasive generations, which in 
thia oaae decreaae towaida the atable popnlation of 200 ^gga (aee 
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generation curve in 2.7d). The shape of Ricker*8 reiiroduction curves 
k determined by two things cmly : the nature of the density dependent 
relationship, and the reproductive rate. The important thing about 
reproduction curves is that they enable us to see at once whetiier the 



Fig. 2.8 Density dependent xdbtlonahips which: 
XTiidenoinpenBate A» 
exactly oompenaate B, and 
ovecoooqieDflate O, D and E. 

effect of the density dependent factor under consideration will be to 
stabilize the population or not. 

We find that a new kind of reproduction curve, on logarithmio 
co-ordinates, has an advantage over Bicker's curves. The tihape d the 
curve is determined only by the nature of the density dependent factor. 
Figure 2.8 shows five density depeiMient relati<»iships (A-E), eadi of 
which has somewhat diffarent properties. The oonesponding logarithmio 
reproduction curves fi>r each of them are shown in Fig. 2.9 and may be 
used to obtain directly the generation curves shown in Fig. 2. 10a-b. 
Numerical exercises at the end of the book will help to make these ideas 
familiar. These curves have been calculated from the diffiarent density 
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dependent mortalities assuming a reproductive rate {F) of 32 
{\op F ~ \ -n). The models show that difforent density dependent 
mortalities can have quite different effects on a population. These 
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Fig. 2.9 Logarithmio reproduction ourvee o o rreeponding to ourvea 
A-E in FSg. 8.8, calculated by Nsn^.i ^Ns+ 1*5 -ft. Valuee of ft defined 
by cuxvee A-E in Fig. 2.8. 

differences are related to the 'strength' of the density dependent 
mortality (i.e. the slopee in Fig. 2. 8) as follows. 



2.5.1 UTUkreompenaaUon {0<b<l) 

The slope b of the line must be between 0 and 1. In Fig. 2.8a the slope 
is 0-6 and the mortality begins to take effect when the population is 
greater than 10 (see intercept on X-axis). In the absence of any mortality 
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the log population (log N) would increase linearly as shown by the 
dotted line in Fig. 2. 10 (log Nn+i = log Nn +log F). When an under- 
compensating mortality is introduced the population eventually 
stabilizes as shown in Fig. 2.10a. The level of this equihbrium or 
'steady density' depends on the precise value for the slope and intercept 




Generations 



Fig. 2.1t Tbe oonsequenoee of the ourvee A^B m Fig. S.8 (and of 
their equivaleiktlogaritlimionpfoduotim A->E ahownm Fig. 2.9) 
on » population wfai«di haa the imtial SIM <rf 10 aod In in^iieh 1^ 
A gradual attainment of stability, 

B attainment of stability in one E:eneration, 

C dampened alternations leading to stability, 

D alternations with alt-emate generations of equal size, and 

E irregular siaed eJtematiooa. 



of the density dependent mortality and on the reproductive rate {F) 
of the population. At equilibitum A' = log F. The time taken to reach this 
leyel also depends on theseae well as on the starting point for the model. 

2.5.2 Exaeteompentaiicnak^l) 

The density dependent relation must have a slope of 6 » 1 (Fig. 2 . 8b}. 
^thin limits such a mortality perfectly compensates for any populaticm 
change. Thus, if the disturbing factor or factors act prior to such a 
density dependent factor, the population in each generation will 
return to the same level (Fig. 2 . 10b). Recovery from very big reductions 
will take more than one generation. 
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2.5.3 Overcampensation (6 > 1 ) 

If tiie density dependent slope is between 1 and 2 (6 » 1*5 in Fig. 2.8c) 
the population tends toward an equilibrium yalue but initial^ the 
suooessiTe generations alternate with decreasmg amplitude above and 
below that value (Fig. 2 . 10c). 

With a density dependent slope of 2 (Fig. 2.9d) any deviations 
from the population equilibrium will result in alternations between the 
same high and low values as shown in Fig. 2. IOd. 

From Fig. 2,10a to d one might expect a density dependent 
mortality with a slope greater than 2 to cause alternations of increasing 
amplitude in the population following any disturbance from the equili- 
brium level. However, the situation is complicated because the popula- 
tion soon falls below the level at which the mortality acts. In Fig, 2. IOe 
this occurs in generations 3, 9, and 1 3 so that in generations 4, 10 and 14 
the populations have increased 32-fold (jP = 32). Having a tkreahM 
density below which there is no mortality prevents the populaticm 
becoming entirely unstable — it fluctuates violently but within limits. 

The models in Fig. 2.10 serve to illustrate that within definable 
limits density dependent factors tend to stabiliase a population; outside 
these limits they may over-react so stronj^y to population change that 
they can be the cause of considerable population fluctuation. In 
practice, a density dependent factor may be too feeble to stabilize a 
natural population which is afleeted by a strongly variable density 
independent mortality. 

The interaetiiHis between difforent kinds of mortality, which we 
study in later chapters, can be understood only if life tables are detailed 
enough to separate out tiie di£ferant kinds of mortality. Bepioduction 
curves are of limited application because they do not make this separa- 
tion, and are concerned only with the total mortality within the 
generation. 

2.6 Contest and Scramble competition 

The effect of intraspeoific competition is always measurable as a 
density dependent process. For example, competition for food may 
result in density depmdent mortality, reduction in fertility oc dispersal. 

A JJ9icholson (1954) recognized two extreme forms of competition 
which he celled *c(mteet' and 'scramble* competition. 
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JxL eonM eaeh suooessfol animal gets all it requires— tlie uii- 
sucoessf ol amroftlH get inwiffloient for Burviral or reproduoticm. An often 

quoted theoretical example is the competition between solitary wasps 
for a limited number of nest holes. Figure 2.11a shows the expected 
result of a contest for 100 nest holes. With 100 or fewer competitors, 
there is no shortage. With 200 competitors only 100 can find nest holes 
and therefore 50 per cent fail to breed value = 0-3). If there are 1000 
competitors, still only 100 succeed in finding nest holes and now 90 per 



2r 



g 





Log populoiion 



10 »0 lOO 200 400 1000 

PoDulation number 

Fig. 2.11 The mortality relationships associated with two extreme 
kinds of competition — scramble and contest. 

oent fiul to breed (i;- value =:= 1*0). It is characteristic of this idealized 
contest competition that the ib-value rises with a slope of unity when 
compared with the log populatioii densities above the level at which the 
leeonrce begins to be in afaort supply. In Chapter 3 we ahaU find 
ezamplea in which the i;-valne riaea less ateeply than thia— farther 
leaearch wiU probably show a far wider range of eiSeota than anggeated 
by Kidiolaon'a simple daaaification. 

*The oharacteriatic of scranMe ia tiiat aucoeaa ia ocnunooly 
incomplete, ao that some, and at timea all, of the requiaite aeeured 
the competing animala takea no part in auataining the population, being 
diaaipated by individuals which obtain inanffident for aurvival' 
(Nicholaon 1954, p. 42). 

The reaouroe ia thecefoie being ahared amongst all the competing 
animals. With identical animala in a imiform habitat the sharing would 
be equal and the mortality would rise immediately from 0 to 100 per 
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Fit* 3.12 Competxtian fbr food in the firuit-fly DronpMa. The flgurat 
tan Balte (1961) aM plotted: 

A to show the effect of food per larva on survival and adult vrnf^oA^ 
B to show how larval mortality and adult weight loss, both expressed 
aa A;-valuee,.are related to the logarithm of the number of larvae per mg 

of yeast. 

• Constant food, 120 mg yeast; number of larvae varied. 
O Oonstaiit lame, 100; amount of food 



cent when the resource (food for example) per individual becomes just 
insufficient for survival. The mortality in this idealized situation would 
take the form shown in Fig. 2.11b. If in reality there were some 
members of the population better able to secure food than others, the 
actual curve would rise less abruptly than in Fig. 2.11b. 

We shall now consider two examples of competition in insects which 
illustrate these ideas. 

Bakker (1961) made a careful experimental study of competition 
between larvae of the finiit-fly Drosophila melanogaster. Known numbers 
of newly hatched larvae were put on to an agar surface with known 
amounts of yeast on which the larvae fed. Varying the numbers of 
larvae on a fixed quantity of food, or Yacying the amount of food for a 
fixed number of lanrae, gave the same result — it was the food supply 
per larva that was critical. When surviyal is plotted against the weight 
of food per larva the survival rose from teso with 0-3 mg food to about 
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90 p«r oent with 0*6 mg yeast per larva (Fig. 2. 12a); but the adult 
female flies which emerged from these larvae were half starved and very 
small. Flies reached foil size only when larvae each received more than 
2 mg yeast. 

In Fig. 2. 12b we have re-expressed BaUcer's data in the same way 
as in Fig. 2.11. The larval survival has been converted into the cone- 
sponding ib-valiies and the weight of tiie females is expressed as the. 
jt-valne equivalent to the loss in female weight. Both are plotted against 
the log density of larvae per mg yeast. The curves show the extent to 
which mortality cyid weight loss are density dependent. Notice also 
that the mortaUty curve in Fig. 2.12b resembles the scramble curve 
in Fig. 2.11. There is very little larval mortality when there is more 
than 0-6 mg yeast per larva. With less food mortality rises rapidly 
until, when there is 0-3 mg or less yeast per larva there is not enough 
food for any larvae to survive. 

It may be misleading to measure only the mortality that results 
from competition. Figures 2.12a and 2.12b show clearly that adult 
female weight, and therefore probably the egg production per female, 
depends on the food available to the hxrvae. Between 0*6 and about 
2 mg yeast per larva is sufficient for enrvival, but the adults are sub- 
optimal in size. Many insects seem to be able to compensate for some 
food shortage in this way. 

For our second example we have re-examined some observations 
published by Nicholson (1954) on iaboratory populations of the 
Australian sheep blow-fly, LuoiUa eupHna. This insect is almost 
indistinguishable from the common green^bottle flies whose larvae 
attack either Uving aheep or mammal corpses in many parts of the 
world including Europe and the USA. 

ISiohohKm kept the flies in larg9 cages in the populaticm experiment 
under consideration and the adult flies were provided with excess of 
food (groimd liver and sugar) so that they laid plenty of eggs. But the 
food for the larvae was restacioted by ad^ng to the cage each day only 
a small pot containing 60 g of meat. The flies could lay their eggs cn 
this meat but were unable to feed on it. At a suitable time each pot was 
examined and the number of viable pnpaiia was counted; adults were 
allowed to emerge firom the pnparia and were then added to the cage. 
The results of counting adult flies eveiy two days are shown in Ilg. 2 . 18. 
The fly population passes through seven well maiked peaks. Nieholsfm 
tenned them 'osciOatjons'. 
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Fig. 2.13 Partial population ourvea for puparia and adults of LueUia 
nipHiMk Larval food supply was 50 g meat per day. Grovtnd liver and 
sugar were supplied in vxoem of needs for the adult flies. Data from 
from Nicholsoa (1954). 



Nicholson (1933) had put forward a theory which predicted popula- 
tion oscillations in parasitic insects and their hosts; this is discussed in 
detail in Chapter 4. Nicholson's use of the term 'oscillation' both for the 
theoretical parasitic-host population changes and for these changes in 
blow-fly population impUes a close similarity in the form of the popula- 
tion changes. We shall now show that these types of population change 
are quite unrelated and require different types of explanation. 

The first basic difference is that in Nicholson's theoretical work on 
parasites, the oscillations appear when the figures are plotted as an 
advlt generation curve. The peaks are five or more generations apart. 
Nicholson's blow fly 'oscillations' were plotted as an adult poptdeUion 
curve (Fig. 2.13). We saw in Chapter 1 that the same infoniiation 
plotted in these two different ways looks entirely different. Conversely, 
any similarity between the figures which have been plotted in difformt 
ways is likely to dlBappeor when the two are plotted using the same 
oonventions. To make a proper oompanson we must leplot the blow-fly 
data as a generation onxve. 
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Figure 2.18 ihows the partial population curveB for blow-fly 
puparia and for adult fliee. In the numbers of puparia it is easy to 
recognize 14 separate peaks, wMeh must represent separate generations. 

Each of the large peaks is usually followed quickly by a much smaller 
peak. Because of the long adult life span the adult peaks are less 
distinct than those of the puparia and the seven smaUer peaks merge 
with the preceding large peaks. We can estimate the sizes of successive 
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Fig. 2.14 

A Observed logarithmio geiMcation curves for sheep blow-dy puparia 
where 50 g food is supplied per day to the larvae. Data in Fig. 2.13. 
B Model caloulated for 1 g of food per generation. Data in Fig. 2.16a. 



generations more easily firom the data for the puparia than for the adult 
flies. Southwood (1966) describes some methods of estimating the 
numbers entering any developmental stage, but to use them we require 
some biological data not given by Nicholson. We have therefore made a 
rough estimate of the size of each generation from the peak number of 
pnp8ria« which can be read off Fig. 2.13. They an plotted as a genera- 
tion oiirv9 in Fig. 2. 14a. The flnetoations in the generatioii onrre are 
irregular with peaks now at intervals of 2, 2, 2, 3, and 4 generations. 
These changes are entirely difilBrent fiom the regular oscfflations in 
numbers in a parasitio-hoet interaotioii, where population peaks axe 
usually more than Ave generations apart (Chapter 4). 

In the same paper Nicholson (1954) described a sunple competition 
experiment in wfaidi known numbers of newly hatched blow-fly lanrae 
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were put with 1 g of meat to serve as food. The outcome shown in 
Fig. 2. 15a was a maximum production of about 16 flies when 30 larvae 
competed for the food. When there were 80 larvae originally present the 
average of between 5 and 6 became adults, and there were no survivors 
when 200 or more larvae competed. This is clearly an example of 
seramble competition : when the figures are expressed as changes in the 
ib-value with increasing initial population, the slope of the curve rises 
very steeply (Fig. 2.10b) and can be oompaied with Fig. 2.11. Earlier 




Young lorvoe (/V) Log A/ Log /\/„ 

Fig. 2.15 The effect of competition between larvae of the eheep 

blow-fly for 1 g of food is plotted in three Wi^: 
A as graphed by Nicholson (1954), 

B A;-value plotted against log N shows overcompensation, 
G the logarithmic reproduction curve for 10-fold increase. 



in this chapter we showed that overcompensating density dependent 
mortalities can produce alternations in numbers in successive genera- 
tions. The consequences of this particular density dependent relation- 
ship can best be investigated for a population by constructing the 
corresponding logarithmic reproduction curve. This is scaled for 1 0-fold 
increase per generation in Fig. 2.15c. Clearly it would cause the 
population to be unstable; from Fig. 2. 15c we can read off population 
densities for successive generations using the construction introduced 
in Fig. 2.7c, and one set has been plotted in Fig. 2.14b for com- 
parison with the observed values for a diet 50 times as great. The level 
is very dose to what might be expected, and the amount of change is 
very similar, as each has peaks at irregular intervals of 2, 3 or 4 genera- 
tions. Although this comparison does not provide a very critical test 
it indicates that fluctuations of the kind observ^ed in these blow-fly 
experiments oould result from the very strongly density dependent 
mortality caused by larval competition. The fluctuations are entirely 
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vnlilDe the panunte indiioed ofloQIatiQiiiB oonaidered in Miofaohoii's 
earHflr work (1033) whioh we Bhall dieoiiaB in CShaptor 4. 

The graphical interpntotioos baaed on HicholBon's very simple 
experiment enable na to predict the outoome of hia muoh longer and 
more costly experiments. In one of these the adult flies were subjected 
to 99 per cent mortality on emergence. We cannot predict the effect of 
this from Fig. 2.15c wery accurately, because we do not know how 
such imposed mortality affects the mean reproductive rate of the 
surviving flies. However, if F were reduced to a t\\ o-fold increase per 
generation by this adult mortality, we can see by rescaling Fig. 2.15c 
that a diagonal representing two-fold increase would cut the curve near 
its maximum, which would indicate that the population should then be 
stable from generation to generation. The observed populations were in 
fact more stable, but the main difference was that they did not break 
into separate generations. 

One minor feature of Nicholson's experiment remains to be dis- 
cussed. The generations of puparia follow each other at unequal time 
intervals, which are marked off at the bottom of Fig. 2.13. Because the 
daily latioa of larval food can produce viable maggots which develop 
into puparia only when eggs are few, puparia will appear about 10 days 
after any period when flies have been few— either when a new emergence 
has begun (day 250) or when two combined adult generations eventually 
die of old age. Alternate generations effectively reproduce either when 
the flies are young, or when at the very end of their reproductive lives, 
80 that the interval between peaks of puparia altematea between about 
12 days and 22 days. Towards the end of this experiment and of other 
flimHar experimmtB deeoribed Niehdeon, the flies seem to behave 
rather diffarently from at the beginning. FtobaUy the extremely severe 
larval competition has aeleoted out some rare genetic combmation 
whidi is normally at a disadvantage. 
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COMPETITION BETWEEN SPECIES FOR A 
LIMITED RESOURCE 



3.1 Simopsis 

WTien two species compete for the same resource in a culture 
usually only one survives and tlie other becomes extinct, but on 
occasion co-ezistence of both species has been observed. The 
competition equations of Lotka and Voltena, developed from the 
simple logistic model for inlxaspecific oompetition, may piedict 
either co-existence, or the elimination of one species or the other 
depending precisely on how the species affect each other. 

Co-existence has been observed in experiments where the 
Lotka-Volterra model predicts the elimination of one of the 
species. This is because the assumption that the effects of intra- 
speci£c and interspecific competition are proportional to popula- 
tion density is not satisfied. Such non-linear density dependent 
relationships can be demonstrated in experiments. 

In the field, closely related spedes which use the same food 
resource often live together and non-linear density dependent 
effects of this kind may provide the mechanism for this species 
diversity. However, the adverse effects of competition in the field 
have rarely been quantified and it has not been easy to assess 
the contribution to stability provided by the small observed 
ecological differences between the species which live togetlier. 
Non-linear density dependent mortality may also be important 
in explaining some genetic pol3nnorphisins in natural populations, 
since the same mortality may be involved both in the selection 
of genetic alleles and in population regulation. 

The process of competitive exclusion has been observed with 
certainty under field conditions only when several species of 
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parasitic hymenoptera have been introduced successively into a 
legion, wliere they competed for the same host species. 

3.2 Introduction 

When two or more different speoaee oompete fixr limited reBouroee 
aubh as food or spaoe, interspedfic oompetdtion will be saperimpoeed 
n^ion the intnuBpeoific oompetltkm which we examined in the provUnia 
chapter. Here we shall oonsidsr onfy laboratory experiments beoaose 
WB cannot hope to interpret ooneotiy the results of field studies, where 
closely allied speoies «re frequently foond to live together, nntil we 
undentaad the lelatively simple inteiaetioiis between two species 
imdsr cfmstawt conditiops. 



A WilliOttt AdMlno 




Day* 



nt.«4 Ciopyatttlon bstiwn two wgrnim td TrMkm at «>-5*C on 
iplMltnieil floor wlkh 5 par oeai ywwk. 

A TribdiMm castarwum eliminatee T. confusum in the absence of 

^(ieZtno. Mm of 12 TCfilioeilM ill 8 g flcyar. Date fi^ 

27ISd9. 
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3.3 Experiments with competing species 

Extensive studies of competition between two species of flour beetles, 
Tribolium castaneum and Tribolium confusum were conducted by Park 
(1948). He started his mixed cultures in sifted flour with kno\^Ti 
numbers of adult beetles and counted the adults, large larvae and 
pupae every 30 days. When Tribolium castaneum and confusum were 
mixed together, one of the two became extinct after about a year and 
the other species assumed the populatioa density it would nonnally 
have reached alone (Fig. 3. 1a). 

Paik (1954) found that the experimental oonditioiis were veiy 
important in detennining which of tiie two speeies would leplaoe tlie 
other. At tempetaturee above 29^0 T, cattanam was &vouiedy but 
below 20^ T. wn^mum was U8ua% the suooeasful spedee. The results 
were also eonsidflrably affiMted by the presenoe or absence of a psnsite 
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B Tribolium conftisttm eliminates T. eaataneum in the prc43ence of 
Adelina. Mean of 9 nplioatea in 40g flour. Data horn Park (1948), 
Table 16 II Ea. 
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Qoys T, eotffusum 



Fig. 3 J Fotir ways of graphing the competition between two species 
of Tribolium in 80 g of wholemeal flour and 6 per oent yeast. Data 
from Park (1948). Table 20, replicate m £b. 

of the beetles, a protoBoan named AdeHna*, to whioh T, coBtaneum was 
partloiilady sosoeptible. Figure 3. lA shows how at a oonstant tempera- 
toie of 29*5*'C and in the absenoe of Addina, T. autaneim tended to 
eliminate T. eonfmm. However, in infected enhmres at the same 
temperature, T. eaataneum was elhnlnated by T. confuaum in about 
nine out of 10 replicates as shown in Fig. 3. 1b. In those few replicates 
in which T. castaneum was the surviving species, it reached populations 
only a third as dense as when uninfected. 

* The protozoan AAMna is an intraoelltilar parasite belonging to tha IfioKO- 

sporidia; it multiplies eRpecially in the mid-|?ut cells of the host. The spores pass 
out of the host with the faeces and can then be ingested by other larvae which 
thus become infected. 
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In Fig. 3.2 we show the results for another rephcate (in which 
Adelina was present) plotted in four different ways, each of which 
emphasizes different features of the interaction. In Fig 3.2a the 
population scale is arithmetical. In Fig. 3 . 2b the population is plotted 
on a logarithmic scale. Now we see clearly that the rate of the decrease 
in the T. caataneum population is steadily increasing. In Fig. 3.2o 




Weeks Weeks 

Fl^. 3.3 Competitive co-existence of two kinds of beetle in a renewed 
quantity of wheat. From the different initial conditions shown in A and 
B the end ramilt is the aame wifb sonie 370 TriboUum mad 180 
OrysseupkOua oo-eodsting. Data from Cramlne (1046). 

the percentage of each species in the population is plotted against 
time. One curve is then the inverse of the other. Lastly, in Fig. 3. 2d 
the competition process is followed in an interesting way by plotting 
the numbers of one species on the abscissa and the other on the ordinate. 
Wc shall .^ce (Figs. 3.4, 3.5) that this last method, which eliminates 
time from the graph, gives us a new theoretical insight into the 
processes involved. 

Gause, in his book The Struggle for Existence (1934) showed by 
experinu'iit that two species of competing Protozoa {Paramecium 
aurelia and P. caudatum) did not co-exist if they relied on the same 
resources. One species eliminated the other; this has become known 
as competitive exclusion or as 'Gauss's Principle' 'Two species competing 
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for limited resources can only co-ezist if they inhibit the growth of 
competing species less than their own growth* (Ayala 1970). 

Grombie (1046) described the growth of populations of two kinds of 
beetle, Oryzaephilus suriTtamensis (the saw-toothed grain beetle) and 
TrtboHum confusum (the flour beetle). The food medium used was 
either wheat grains, or wholemeal flour that had been coarsely or finely 
ground. In all cases the medium was renewed at suitable intervals. 
Technically it is easier to observe the populations in the finest flour 
because all stages can be sieved off" and counted. In such fine flour 
Tribolium consumed so many of the pupae of Oryzaephilus that this 
species died out. Short lengths of glass tubing, wide enough to serve 
as refuges for the pupae of Oryzaephilus but too narrow for the large 
larvae of Tribolmm to enter, were put into the flour. Oryzaephilus was 
then sufficiently protected from predation for both species to survive. 
Both species also survived in whole wheat, the grains of which gave the 
small pupae of Oryzaephilus the protection they required. In fact the 
whole-wheat medium provided so many refugee that a third beetle 
spedee — Bhizopertha domifUca — ^was able to oo-ezist with the other 
two. 

The equilibrium population densities were not affected by the 
relative numbers of the competing species when the experiment began. 
This is dear from Fig. 3 . 3, where TriboUvm numbers rose to about 370 
and Oryxa^hUus to 180 whichever species had initially been given the 
advantage of numerical preponderance. Grombie's experiments show 
that in the presence of suitable refuges, two or more spedee which share 
the same food can co-exist. The beetles concerned belonged to different 
families, but there is no reason to believe that such tazonomic separa- 
tion is necessary. Under field conditions closely allied and indeed 
congeneric species can co-exist and Ayala (1969, 1970) has recently 
shown that competing spedes of Drosophila can co-exist under carefully 
controlled conditions. He employed a routine subculturing method in 
whidi adult flies were periodically removed, identified, coimted and 
put on £resh medium, widkb tiie old medium, induding larvae and 
pupae, was retained until more adults emerged, which were likewise 
counted and added to those which had emerged previously. Ayala 
performed these experiments at a number of different temperatures and 
(like Park) he found that competitive exlusion was the general rule. 
At and below lO^C Drosophila pseudo-obscura thrived and replaced 
D, serrata but above 26°C D. serrata eliminated D. pseudo-obscura. 
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Puk had foimd that at an mtermediate temperature it seemed laigefy 
a matter of ohanoe which epeoies of Tribdikm was eaooeesfnl. Ayala 
found that at 23*5*'C both speoiee were able to oo-esdet indefinitely 
when eabooltiiied in the routine way. 

To generalize the situation let us call the competing species Ni and 
Nz. As Grombie and Ayala have shown, imder some conditions 
eliminates N2; under other conditions elimlnatftH Ni, Between 
these conditions it may either be a matter of chance which surHvea, 
or there may be a zone of conditions in which the two species can 
co-exist. 

3.4 The basic theory of competition 

Lotka (1925, 1931, 1932) and Volterra (1931) were able to define in 
precise mathematical terms the conditions for results of these kinds by 
extending the equations of Verhulst and Pearl to cover two competing 
species. Designating the competing species A^i and Nz we can add a 
new term to equation (2 . 5) to describe the idea that the relative rate of 
increase (l/N) (dAT/dl) has a maximum value of rm> but is reduced 
by some unspecified function of both the population of ^1 and the 
population of ^2. 

^J^-r»t-/m-J{l/i) (3.1) 

For mathematical convenience, but without support ofbiok)gical 
measurement, it has been customary to consider the case where the 
various unspecified functions are all simple proportions. Thus, when 
Ki imd ITS represent the equilibrium populations of each species alone, 
we can write 

1 dNi ^ (Ki-Ni-otN z) 

Ni-¥ 7i 

Ni dt Kt ' 

where a and ft are constants ('competition coefficients'). Qause & Witt 
(1935) rightly say that these equations are true only for very simple 
populations like those of yeast cells. However, m spite of the fact that 
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the oompetitiye lelations may not be expressed accurately by equations 
like (3.2), these equations are much quoted because they help us to 
picture the way in which competition may act. 




= region of increase ||| region of incrtose 
of A/, of /V2 



region of increose 
of A/z and /V, 

Ftg. 3.4 Hie four cotisequences of the Lotka-Volterra equations. 

Lotka (1932) distinguished four possible consequences of these 
equations, which were first shown diagrammatically by Cause & Witt 
(1936) and are illustrated in Hg. 3.4. With Nt as the ordinate and Ni 
the abscissa the lines representing the lod of dNi/dt = 0 (i.e. where the 
population of JV^i does not change) and dN^/dt » 0 are plotted by finding 
the values for intercepts as shown in the figure (/ci, /cg, Ki/a, and K2/fi). 
Note that the steepness of these lines is a' measure of tilie intraspecific 
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efieots of oompetition; the steeper the line, the more inhibition within 
the speoieB. 

The outoome of oompetition can now be predicted from the lelative 
positions of these two lines. When tiie line for spedes lies 'above' 
that for as in Fig. 8. 4a, species will eliminate Nt, For example, 
starting with small numbers of a mixed population, both species will 
initially rise in numbers until the co-ordinate {N2, Ni) crosses the line 
representing dN2ldt = 0. In the zone bounded by the two lines, species 
N2 will decrease and iVi will increase until the point when Ni reaches 
its maximum population size /c 1 ; iV^2 now becomes extinct. The situation 
in Fig. 3.4b is exactly the reverse: N2 now eliminates species Ni. 
In Fig. 3.4c the two lines cross each other at a point which is an 
equilibrium position where neither species changes in numbers. How- 
ever, this is an unstable equilibrium because each species inhibits the 
other more than itself and the least deviation will eventually lead to the 
extinction of one or other of the species. The outcome of competition in 
such cases would normally depend on the relative size of the initial 
populations of the two species. In Fig. 3 . 4d we have the reverse to that 
in Fig. 3 . 4c : a stable equilibrium where the lines cross and the popula- 
tion trends always oonveige on this point. This is because each species 
inhibits its own increase more than that of the other species. 

Crombie (1946, 1946) showed the extent to which Lotka and 
Voltena's equations predicted the outcome of several experiments on 
the competition between stoied product insects. Figoie 3.5 shows the 
observed outcome of competition between two grain beetles, TriboUnm 
(Ni) and OrygaepMhu {Ni), Crombie was able to measmre the equili- 
brium population densities of each species alone, {ki and K2) and 
calculated the competition coefficients (a and fi) from which the loci 
oidNi/dt a 0 and of dNt/dt » 0 were determined. The relative position 
of these lod correspond to that in Fig. 3.4d, so we expect both species 
to co-exist in a stable equilibrium, at the point where the lines cross. 
Figure 8.5 shows that co-existence did occur in CSrombie's experiments 
at approximately the calculated leveb and inespeetive of the milaal 
densities of ^1 and iyTa. 



3.5 Results which conflict with theory 

When Ayala (1969, 1970) studied two species of Dnaophila, D, paeudo- 
ob9cnm and D. serrata, he was able, like Crombie to estimate from his 
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Fig. 3J The o b ta rvw d outooiae of e o mp e ti t i on between gVj&oWtwn (T) 
•ad OfyuMpMiM (O) ie tlie auae fbr three eomhiiuitione of initiel 
denritiee of the two apeoiai. The poimtotioiw oo-«d»t end the gra|ihe 
rBegffnble Fig. a.«D. Dete from Gramfato <1945, IMe). 



data the neoeflsary constants in equation (3 . 2), but unlike Ciombie, he 
found that the theoiy failed to explain the co-existence of the two 

Drosophila species. 

Ayala's results (Fig. 3.6) show that ki/ckkz and K2I^<ki. These 
are the conditions in Fig. 3 . 4c where it is chance which species survives, 
but both cannot do so! There are various unreal assumptions in these 
mathematical equations which may account for this discrepancy. For 
instance, *age structure' in the population ia neglected (see Chapter 2). 
More important still, however, is the tacit assumption of linearity in 
the functional relationahips in equations (3.2). The jump £rom the 
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/V, DrosophikJ serrota 



3.6 Conditiona for the oo-ezistenoe of two ipeciee of DroaophUa, 
Data from Ayala 1970). Stzaigbt Iumb, caliwilirtfwi km; broken carves, 
■■■nined real tod. 



general relationship in equation (3.1) to the linearity assumed in the 
aNi and terms representing competition could well be biologically 
wrong, even if mathematically convenient. Ayala's method of ilsing 
the loci dNi/dt — 0 and dN2ldt = 0 assumed that these loci are straight 
lines. His experimental zesults provided values for ki and K2 and the 
aize of both populations at equilibrium. The calculated points (/ci/a) 
and {Ktlfi) were in effect obtained by extrapolaliiig the lines between 
^1 and K2 and the equihbrium point to the lespeotm axes as shown in 
Fig, 3.6 (solid lines). Gilpin & Jnstioe (1972) have recently confirmed 
our view that the reel lines ropresonting the looi of d^T/df » 0 must be 
onmd as shown in Ilg, 3.6. 

How can we test the relations assumed in the Lotkar-Voltem 
equationB? For this purpose equations (8.1) can be rewritten in a 
■impiifled fiom ibr apeoles Ni. 

1 dNi 



where a and fi are constants. 

It is hard to measure instantaneous rates of i n c roase {dN/di) sinoe 
a finite time interval is needed to get a measoiable ohange. If instead 
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we take a fairly long time, suoh as one oomplele generation, and 
consider the special case whece genenftioiis aie synchronized, con- 
ditions are not in every way the same as assumed in equation (3.3), 
beoauae some possible interactions aie avoided by the changing age 
stmctnie of the population. However, if there is a linear relation 



Ef of lorvol crowding on odult tmorgonco 




Fig. 3.7 Different numbers of larvae of either DraaophUa aimulans 
or D. mdanogtutar were pisoed on a fixed quantity of food and the 
numbecs of emetging adults were counted. The l^vahie for the reeulting 
mortalilg^ is plattod ia A against tiis initisl dinsily of larvae and in B 
against the log initial larval denaily. B ahowa that above a population of 
100 both gpeciee suffer from an ovcceon^Mnaating density dependent 
mortality. Data from Miller (1964). 



between the rate of increaae in equation (3.3) and Ni and N2, we can 
argue by analogy that the case with synchronized generations should be 
represented by 



F^aNin-bNzm (3.4) 



where Nn and Nn+i are the numbers of adtdts of species Ni in the 
parental and filial generations of ^1, F is the maximum production 
of offopring per insect, and oNin &nd bNzn represent the mortality 
caused by intraspedfic competition and interspedfio competitum 
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respectively. Clearly aNn represente a density-dependent mortality of 
the form of curve P shown in Fig. 2 . 6a. Similarly the mortalitj'^ of Ni 
caused by should be linearly related to the population of iVg. 

We saw in the last chapter that measurements for the effects of 
intraspecific competition in Drosophila were linear over a certain range 
on a log-log scale (Fig. 2. 12b) which implies a curvilinear relation if 
plotted as percenti^ mortality against population number. This is 
confirmed for larval survival in Drosophila by Miller (1964) who put 
different numbers of larvae of either Drosophila aimulans or D. mdano- 
gaster into a fixed quantity of food and scored the numbers of adults 
whioh emefged. In Tig. 3.7a the mortality in DroaophUa between the 
larval and the adult stsge is plotted as a ib-yalue agsinst the ioitial 
number of larvae on an arithmetio scale. Mortality is low until 100 
larvae are used and beyond this threshold the l;-value rises roofjhiy m 
proportion to the initial larval density. The rise is muoh -steeper for 
D. nnHdaTu than for D, mdanoga&ier, (bk Fig. 3.7b the ib-value is 
plotted against the logarithm of the population. Above a population of 
100 the rise in ib-value has a dope which strongly overcompensates 
[compare Fig. 2.8]). The dotted line in Fig. 3.7a shows the expected 
form for the curve if the rate of increase 6N/di » rN'-oN*, 

Birdi, 'Btatk ft Tmak (1951) have shown for TrMkm how net egg 
production is affected by adult numbeiB. The data do not conform to 
the Lotka-Volterra equation. Cultures with equal numbers of males 
and females were set up and the number of eggs present each week were 
counted in 8 g flour for eight weeks. Eggs and larvae were removed. 
Table 3 . 1 gives the net number of eggs per beetle per day for two 
species of Tribcliwn in isolation. We expect from equation (3 . 4) that 

IWile 3.1 Kfeh, Facli: & I^rank (1961) ooanM tlw 6gp laid per day by 
Triboliiittin eoi^ummn and T. eatkmMun at difforent dwwitiiw over a period of 
dc^t weoks. We have taken means from th«r TaUe 1. 



Number of beetles 2 16 80 160 

3*. eofi/Wum eggs/bcotle/day 5*4 3*2 1'2 0*76 
reduetion ocpreeeed as a 

ib-vahio — 0*23 0*66 0-86 

T. caetaneum eggs/beetle/day 7-5 4*0 1*5 0-87 
reduction eaqfureaeed as a 

ib-valuo — 0-27 0-70 0 98 
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Log number of beetles 

Fig. 3 J 

A In TriMium ccutaneum the reduction in number of eggs laid per beetle 

per day is not proportional to the density of adult beetles. 
B Daily egg production per beetle is fitted well by a straight line when 
plotted agamat the logarithm of the number of beetles. The fc-value for 
egg km is not proportional to the logarithm of beetle numbers, but 
three of the four points fit a etraigfat line. Data from Table 3. 1. 

the 9ggf» per beetle will deolme in linear proportion to beetle popula- 
tion. This waa not the case. The decline in eggs per beetle F is deaily 
curvilinear when plotted against beetle population density Nx as shown 
in Fig. 3 . 8a. When plotted against the logarithm of the population, the 
points are fitted by the equation 

J'=a-61og.VA (3.5) 
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When plotted as a ^-value for egg loss against the log of the number of 
beetles, three of the points fit the relation 

ib»0-6logi^rA~0*6 (3.6) 

Curves for T. confusum are similar. These are entirely different relation- 
ships from that assumed by Lotka and Volt^rra. 

Mertz & Davies (1968) studied the destruction of pupae of Tribolium 
caaianeum by the adults. Neither the numbers killed nor the ib-valu68 
we have calculated for the pupal mortality show simple relations with 
beetle numbers of the kind that the Lotka- Volterra equations postulate. 
At low pupal density, almost all were destroyed by the beetles; but 
when large numbers were added many survived because the appetites 
of the adults were satisfied^heve we have evidence of inverse density 
dependence at high pupal numbers, which is another kind of deviation 
from the simple Uneaiity assumed by Lotka and Volterra. 

These tests for the linearity of tiie e0eot of population density on 
rates of increase have all been for intraspecific competition and none 
has oovexed the eSotit over a whole generation. As a dass ezerdse in 
Oxford we set up competition experiments which can be anafysed to 

Table 3.2 Reeults from a class experiment vdth two kinds of beetle competing 
in • amaU qaaatily of flour enriched with yeast. Experimanta start with equal 



numbers 


of males 


and fe 


males. 








Initial number of Cryptolestes Ni 


4 


8 


16 


32 


64 


128 


A Number of adult progei^ 


101 


180 


276 


427 


411 


473 


B Cryptolestes with 10 














CcUhartus, Nz 














Bi Number Cryptolatea 














adult progeny 


86 


260 


208 


414 


430 




Bs AduHptogany of the 16 














OoAame 


206 


185 


164 


121 


78 




Initial number of OaAartua Nt 


4 


8 


16 


32 


64 


128 


0 Number of adult fffogeny 


96 


287 


331 


383 


434 


392 


D Catharius with 16 














Cryptolestes, JVi 














Di Number of Catytartua 














adult progeny 




74 


182 


192 


275 




Da Adult progeny of the 16 














CryptoUalee 


344 


306 


199 


356 


228 





Copyrighted matsrial 



48 



Chapter 3 



mamm bolh Intfaspeoifio and interapeoifio «fibols. We uied two kmdi 
of beetle, Caiharku and Cryptolestea, which we chose because of their 
rapid development — adults produce adults of a new generation in 
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Fl^. 3.9 Intra- and interspecific competition between speciee of 
QryptoUatea and Cathartua. Data from Table 3.2. 
A fe-valnee for Cryj^oUatea, 



about six weeks at 26°C. The sexes are easily recognized by the antennae 
or by the shape of the thorax. We measured out small amounts of flour, 
enriched with yeast, into glass vials and introduced 4, 8, 16, 64 "and 
128 beetles. In experiment A all were Cryptolestes. In B, 16 Cathartus 
were present in addition to the Cryptolestes. In experiments C and J) 
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the species were reversed. The numbers of both species were counted 
when the filial generation had become adult, and in Table 3 . 2 the 
numbers of the filial generation are recorded. These figures, can be 
analysed in various ways : As a test of linearity, we can select from 
Table 3 . 2 figures for the rate of increase of Cryptoleska in relation to 
CryptoUstes numbers when Cathartua is either 0(A) or constant at 1 6 
(Bi). The effect of Gathartus on Cryptckaies is shown when the initiftl 
nnmben of Crypfokitee ace kept constant and the numben of Caiharhu 
aie varied (D2). Theae are plotfced in Fig. 3.9a; Fjg. 3.9b shows similaT 
plots for Ci$lhartu8 alone and vitih diffeient numbeca of Cryptoleatea, 

If equation (3.4) were TaMd, then in Fig. 3.9a, b, each set of points 
should be fitted by a straight line. There is evidence for heterogeneity 
in the figures, especially where both spedes were concerned, but the 
general trend of the points suggests that linearity would be improved 
by a diange <tf scale. If the intonation is repIoUed with Nn+i/Nn on 
the ordinate and log Nn instead of i^n on the abscissa the points for 
each species alone are approximately fitted by the line 

^j;jti»36-16logi\r» (3.7) 

which is shown in Fig. 3. 10. 

This kind of relation is quite different from that postulated in the 
Lotka-Volterra equations. It is exactly the right kind to give the curvod 
loci for d-V/df = 0 that we had to assume for Drosophila in Fig. 3 . 6. 
This explains why the equilibrium position for the mixed population of 
the two Drosophila species was so much lower than either popula- 
tion could maintain alone. 

3.6 Interspecific competition in the field 

Field observations will normally show only the final result of compe- 
tition. The piooesB of exclusion may be far back in the past and direct 
evidence for it comes only bom a study of introduced species. Closely 
allied speoiee which exploit the same resources often seem to co-ezist in 
a stable way. In En^^and there are five common species of social wasp 
of the genua Vegpvla, which are all of the same size and must compete 
for food; how they co>exist is not fully understood. There are many 
speoiee of caterpillar whidi feed on young oak leaves in spring. They 
must compete for food at least in those years when the trees are 
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defoliated. We think that they co-exist because each is regulated by 
specific parasites at such a low density that collectively they seldom 
run short of food. 
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n^. 3.10 The information in Fig. 3.9 is replotted with Nn^i/Nn on 
the ordinate and log N» on the abeoissa. 



Broadhead & Wapahere (1966) studied two congeneric species of 
psocids which live together and feed on algae and fungus on the trunks 
and twigs of larch treeB. The two species differed slightly in distribu- 
tion — Mesopsocua inmnnia had a small preference for the live branches. 
The eggs of MetopsocuB unipundatus were attacked especially by a tii^ 
Mymarid waap of the genus Alaptua, The nymidis of if. imtnimiB weve 
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preferentially attacked by the Braconid wasp Leiophron. We shall see 
in Chapter 4 how specific parasites like these can stabilize the population 
of each host species independently. Regression analysis of their four 
years of census results showed no significant relationahip between 
survival and food or the numbers of the other Mesopsocua species. 

Pontin (1969) wae able to demonstrate that ant colonies had direct 
adverse effects upon eaoh other. He studied two abundant apeoaeB of 
field ant, Laaiua niger and Lasiua flama which builds ocmaineaoiis 
mounds. Both ^edes fytm fairly distinet ooknues oentrod on at least 
one fertile queen. The difficulty was that ookmy sise oould be faXSy 
assessed oviy by a destruetiTe oensua method. Instead, Pontin counted 
only the young winged queens pfoduced by eaoh colony. Theseaggre- 
gated under flat stones he provided for eadh colony. When the stones 
were lifted the young queens could be removed and counted, and the 
stones replaced with a minimum disturbance to the cdkmy. Evidence 
for competition oame first from the distribution of colonies in space: 
they were not randomly distributed. Those which produced many 
queens occupied a laige area. This space was apparently the foeding 
ground in which the worker ante exploited the root feeding aphids. 
Pontin showed by experiment that the reproductive success of a colony 
of LasiiLS jiavus or of Lasius niger could be increased by removing 
adjacent colonies, or reduced by transplanting and establishing a 
thriving nest mound of Lasiua jiavus in close proximity. His results 
showed that the adverse effect of competition was greater on nearby 
jiavus nests than on those o{ niger. These are just the conditions defined 
in Fig. 3 . 4d for stable co-existence, which is generally observed in these 
two widespread species of ant. 

3 .7 Competition for carrion 

Competition is exceptionally severe for nutritious food mat<erial such as 
carrion. It is quickly exploited by specialist soavengen amongst many 
vertebrate and invertebrate groups and the outcome depends critically 
on timing. Generally the advantage lies with the first acrivals and blow- 
flies such as Lucilia and CdtiipAom often assemble around a dying 
mammal and begin to lay ^ggs at about the time of death. The sheep 
blow-fiies, Lucilia spp., of Australia and Europe have gone further and 
lay eggs on heal^y sheep. The maggots produce enzymes wiiich digest 
the skin of the sheep and the resulting lesions grow rapidly and soon 



Copyrighted malBrial 



52 



Ouipter 3 



IdXk the sheep. The ma^^gots, together with some later anrivak, eompete 
for the corpse. Fuller (1934) described the complex ecological succession 
which develops. 

Springett (1968) studied the competition between blow-flies and 
burying beetles [N eorophorus) for the corpses of mice under carefully 
controlled conditions. The outcome was influenced both by the timing 




1949 1950 1951 

Fig. 3.11 Parasites of the firuit-fly Daoua donaSia suooesaivdy estab- 
lished in Hawaii fat biologioal oontrol of this pest provida an illustration 
of oonqietitive elimination. Data from Bees «t (U, (1961). 



of the introductions and by the presence or absence of mitee of the 
genus PoeoUoehirus, which are usually carried about on the bodies of 
the adult beetles. In the absence of the mite, a pair of beetles was 
unable to produce any ofEspring when in competition with either 100 
eggs or 100 larvae of OoU^Aora. If the beetles carried 30 mites between 
them, the mites destroyed all the blow-fly eggs, and both beetles and 
mites thrived. The mites were unable to destroy CaUiphora larvae, 
which then prevented either the beetles or the mites from breeding. 
It is interesting to have proof that the commonly observed association 
between the mites and the burying beetles is mutuaUy advantageous. 
We might conclude from Springett's observations that the success 
in competition for carrion is largely a matter of timing; but if the 
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disadvantageof late arrival is simply I'elatedto delay in exploitation, then 
we would expect in any region the species most usuaQy first would 
replace the othor. But although competitive displacement is ohserved 
ni the smgle corpse, both species aare widespread and abundant in 

Europe. Other factors must also be important, perhaps related to 
season, or to the size of a corpse and its situation. 

3*8 Field observations of competitive displacement 

Competitive displacement of one species by another can best be ob- 
served as the result of field experiments. A good example comes from 
the introduction into Hawaii of a number of braconid parasites of the 
genus Opius (Bess et al. 1961) (Fig. 3.11). The objective was the 
biological control of the fruit-fiy Dacus dorsalis. First Opius longi- 
caudaiua was introduced and established but the percentage of Dacus 
parasitized remained low. When Opwis vandenboschi became estab- 
lished it virtually eliminated 0. hngicaueUUua, but then Opiu$ oophUus 
rapidly increased in numbers and caused a much higher percentage of 
parasitism than previoualy recorded and the two other species were 
both eliminated. 

DeBach & Sundby (1963) describe in some detafl the &te of succes- 
sive introductions of jiarasites of the genus Ajj^yUs which are parasites 
of the red scale, AonidieBa aunmUi on citrus (Fig. 9.9c). Their story 
involves competition between congeneric parasite species and tells how 
dififeirent species reacted to the very different climatic conditions in 
various citrus growing areas of Southern C^omia. 

3.9 Discussion 

The Lotka-VoHerra equations provided a useful line of thought about 
the way in which species might interact, and the verbal definition of 
the conditions for oo*exiBtenoe or elimination hold good. Competitive 

exclusion occurs when the successful species has a more adverse effect 
upon the other species than upon itself. For co-existence each species 
must act more severely on itself than on the other species with which it 
competes. We sliall see in Chapter 4 that the co-existence of parasite 
species which compete for the same host species is helped by 'mutual 
interference', which is an intraspecific density dependent effect. Mathe- 
matically inclined readers may amuse themselves trying to incorporate 
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non-linearity into a new theory. Thia will be more realistic than the 
Lotkar-Vblterra equations. However, we saw in the previous chapter, 
the outcome of a model including non-linear components could be 
changed in various ways. The outcome of models including two com- 
peting species will likewise be complex — too complex to discuss here. 

However, these non-linear density dependent effects and the similar 
interspecific effects which we have found are likely to have importance 
in genetics as weU as in population theory. The elimination of an 
unfavourable gene is comparable to the competitive exclusion of a rival 
species in population dynamics. The widespread presence of genetic 
polymorphism is analogous to the co-existence of competing species. 
Furthermore the same mortality factors which cause the population 
changes which we have discussed in this chapter must be acting as 
selective agents in genetics. Their precise relations with population 
density or gene frequency may be of critical importance to our under- 
standing of both population and evolutionary problems. 
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PARASIT£S AND PREDATORS 



4.1 Synopsis 

The simple mathematical theories of Thompson and of Nicholson 
for parasite-hoBt or predatoi^prey interactions consider the 
special case when a specific enemy and its prey have discrete 
synohromzed generations. They thus consider only a fraction of the 
natuxally oocuning interactions. 

The main difFezenoe between the theoretical ideas is that they 
have placed particular emphasis on different features of the inter- 
action; on the number of eggs which the enemy can produce, or 
on its searching elB&ciency and the way this is affected by changes 
in the density of the prey or of the enemy. We suggest that ele- 
ments from all the theoretical ideas are necessary to any general 
model for this kind of interaction. It is also important to include 
other features in a modd. These theories also make the mathe- 
matically convenient assumption that the enemy searches for its 
prey at random, whereas we know from both laboratory experi- 
ments and field observations that this is not necessarily true. 
Parasites and predators tend to aggregate where prey densities 
are higher. Also, the theoretical models examine the situation 
where the only factors affecting both the populations are the 
densities of one another's populations. Natural interactions involve 
other factors as well — ^which may have a greater effect on the 
stability of the system than any of the components included to 
describe parasite behaviour. 

4.2 Introduction 

In the ezperiments we have discussed so far, cannibahsm and predation 
often played some part in inter- and intraapeoific competition. But in 
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these oaeee animal food was not the pimiaiy source of eneigy for the 
speoies. In this chapter we shall consider the types of interactions wiiieh 
oooor when one species of insect feeds on another species, and the 
theories which seek to deBoribe them. 

Parasitic insects (sometimes termed parasitoids) are really a special 
form of predator that usually require one host for complete development. 
They differ from true parasites in tiie strict zoological sense since they 
almost invariably kill their hosts. Nevertheless, they are commonly 
referred to as 'insect parasites' and we shall use this term for them. 
Most species of insect parasites belong to either the Diptera or Hymeno- 
ptera. The adults lay their eggs on, in or near some stage of their host 
on which the developing larvae feed. Some parasites — and perhaps the 
majority — show a preference for one or just a few host species, but 
others are more polyphagous and attack a much wider variety of host 
species. Some parasites may have more than one generation in a year 
and each generation may attack quite different species of host. 

Predatory insects differ from these parasites in requiring more than 
one prey individual to complete development and thus the searching 
for prey is a process whidi is continued by a secies of difierent growth 
stages of increasing size. 

We know from practical experience of liiological oontror (Chapter 
9) that the introduction of parasite or piedator species into an abundant 
insect pest population can result in a rapid build up in the numbers of 
these natural enemies. This then causes a rapid decrease in the pest 
populatkm and a subsequent dedine in tiie natural enemy numbers 
leading to oo-eziBtenoe of both at much reduced densities. Vadous 
mathematical models have been proposed to explain how natural 
enemies may act on prey populations. We shall trace the development 
of these ideas, and show how the fiuhoe of eariier models to provide 
satisfiMtory explanations has led to the development of more compli- 
cated and more realistic models. All the workers whose ideas we shall 
discuss here have provuled models only for the simplest possible type 
of interaction, where a specific and i^chronized natural enemy 
attaoka a species which has discrete generations and where each 
individual host or prey found adds a oonesponding number to the next 
paiaatte or predator generation. 

These assumptions are probably more valid for insect parasites 
than for predators and most of the theoretical models discussed in 
this chapter were developed for, and are appropriate to, host-parasite 
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interactions. Hpwever, even simple host-parasite interactions are not 
easy to model. The parasite's reproduction depends on the female's 
ability to find hosts, and thus the mathematical model must include 
a description of the searching ability of the female parasites. This, of 
oouTse, means attempting to express features of the behaviour of adult 
panaites by mathematioal formulae. 

4.3 WJLTIiomp8oii*s models 

Thompson (1924) was interested in the possibility of introducing 
parasites into pest populations. He was thus thinking about what 
might happen if a relatively small number of parasites were introduced 
into a vast population of a pest. He thought, perhaps rightly, that 
under such circumstances the parasites would have no difficulty in 
finding hosts, and tliat the paraaite's rate of incsease would be limited 
(miy by the female parasites' egg supply. 

He first proposed that the parasites would lay only one egg in each 
hoet foimd. On this basis the number of eggs laid by the parasite 
population {Pg) would be the average egg complement of a female 
parasite (a oonstant C) times the number of female parasites searching 
(P); that is: 

Ps^OP (4.1) 

Thus, Thompson equated the number of eggs laid with the number of 
hosts parasitized, but he realized that this assumption certainly would 
not fit all parasite-host situations. Many parasites are unable to distin- 
guish between healthy hosts and those already parasitized, and in these 
cases the host ma}' contain more than one egg even when the host can 
support the development of one parasite only. 

Thompson got over this difficulty by assuming that the encounters 
{Na) between parasites and hosts were distributed at random, and he 
used 'a random distribution formula to calculate the number of hosts 
attacked (iVjia) in these encounters. The number of attacks Na is equal 
to the number of parasite eggs laid (Pe) if a siingle egg is laid at each 
encounter, so his model for parasitism can be written 

i^jia«2^[l-exp(-^«)] (4.2) 

where N is' the host density and (Ps) is obtained from equation (4.1). 
This model has not provided a good explanation of parasite-host 
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interactions. Certainly, the oalonlated parasite populations initially 
increase very rapidly and this has been seen to happen in the field; 
but, depending on the relative rates of increase chosen for the parasite 
and host, either the host and parasite populations continue to increase 
indefinitely or the parasite reduces the host population to extinction 
and then itself dies out. The indefinite increase of both populations is 

Population model boted on TdomptOfi't Theory 




10 



Fi^. 4.1 Population model for a stabilized host population attacked 
by a parasite using Thompson's theory. Host reproductive rate F = 2, 
population stabilized by a density dep>endent factor at 1000. Pacante 
lays an average of 2-5 oggs. Formulae (4.1) and (4.2) apply. 



clearly a practical impossibihty. At some density the host population 
will be limited by the availability of food. When an upper limit is set 
to host numbers by introducing a density dependent factor into the 
model, in addition to the parasite, then the usual outcome becomes the 
extinction of both the host and the parasite as shown in Fig. 4.1. 
Only if the parasite also sufiTers a density dependent mortality can the 
model be stable. The host is then regulated by the density dependent 
factor and the oontiniied ezistenoe of a small parasite population fsals to 
affect host numbers. 

Although Thompso&'s ideas might ooizecUy express the initial 
relationships when a four pavasites enter a region of abundant hosts, 
they are dearly not a good desoription when the hosts are oomparatively 
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race and paraotet' ieofcMng ability must become important; nor do 
tiiey provide an explanation for the co-existence of the parasite and host 
populations at new reduced levels. 

4.4 A^,Nlcliol90ii*s models 

Nicholson (1933) and Nicholson & Bailey (1935) considered quite a 
different situation jfrom that which interested Thompson; one called 
the 'steady state' where the parasite and host populations co-exist in 
a state of equilibrium. Essentially Nicholson had two models. The first 
was a purely verbal one in which he agreed with Howard & Fiske (1911) 
and with Smith (1935) (see Chapter 2) that populations were regulated 
by factors which acted in a density dependent way. However, in his 
mathematical model for a paraaite-hoat interaction, the paraaite did not 
act in a density dependent way. 

Nicholson nevertheless thought of pazasites as being regulating 
fiactora. He assumed that paxasifees would search for their hosts at 
random, and that their rate of increase would be restricted not by their 
egg supply bat by their ability to find hosts. Thus, he assomed: 

1 That the rate at which parasites find hosts is proportional to the 
host density. This psesapposes that the parasites are never limited by 
their egg sappty. 

2 That the avenge sxea which one parasite searches in its lifetime is 
constant and characteristic for that species. This he called the parasite's 
area cfdiaeooerff which is represented by the symbol (a). 

On the basis of these assumptions Nicholscm produced his 'competi- 
tion curve' (Fig. 4. 2d) in which the percentage parasitism rises 
asymptoticaDy towards 100 per cent as the parasite density increases. 
The mathematical desoiiption of this curve is the basis of all the 
Nicholson-Bailey models, and because these ideas about the way in 
which parasites search have been incorporated into the models of other 
workers, we must explain them in a little more detail. 

Figures 4.2a and 4,2b represent schematically the search by an 
individual paraaite (A) and by a parasite population (B) as assumed by 
Nicholson. The track of a parasite searching on a fiat surface is shoun 
in Fig. 4.2a; the width of the track is determined by the parasite's 
ability to detect hosts on either side of its line of movement. The 
length of the track represents the distance the parasite moves whilst 
searohing throughout its lifetime, and the total area searched is the 
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Fig. 4.2 



A Hypothetical track of raudomly seajrahing parasite. 

B Schematic representation of 30 parasiteB searohing in a given area. 

BmSi ■qnara l epw wnto the ana of di teo vcay (0*01 of totat mnm) of m 

nn^panMito. 

G As B, bfoft ponntes aw aoh qrafeeouiitiodly by svoidiiig mom pre- 
viously traversed. 

D Nicholson's 'competition curve' (b). The straight line (o) would 
be obtained if the pcirasites searched systematically. 
£ As D, but parasitism exjoessed in ib-valuee to illustrate derivation 
of equation (4.3) 

arta diaooiiery (a) of the paiaailie. The movemento of tiie ponsito •» 
nmdom in that they are unieUted to hoife diatribntioii and the paranto 
oaa reeroM its tnMdoi and tiraa aeaardi anas whioh liaTe already beat 
aearohed. Because the parasite can reoroesita traoka, the aieaeffbotively 
searched is less lAian the area traversed. 

Figure 4. 2b shows a diagram of the searching by a parasite popula- 
tion of 30 individuals. For convenience, the area of discovery of each 
parasite has been drawn as a square of 0-01 of the total area. The 
positions of the squares have been determined at random which means 
that no individual parasite avoids those areas which have already been 
searched by other paraaites. It will be dea^ &om this that the amount 
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of overlap of the areas searched must increase as the number of parasites 
is increased. In this example the total area transversed by the parasites 
(aP) is 0-3 of the total area, but the area which was effectively covered 
is only 0-254 of the total area. In other words, we may expect only 
25*4 per cent of the hosts to be parasitized instead of the 30 per cent 
which would have occurred if there had been no overlap of searching 
by the parasites (Fig. 4.2c). An examination of Fig. 4. 2d shows that 
this value of 26*4 per cent is veiy dose to that expected from the 
'competition onrve' wliioh is 26*9 per cent (see anow). The diffeienoe 
arises fiom landom error and is not significant. 

These examples should have made it clear that there is nothing 
miiquely biologiosl about Nicholson's mathematical formulae. His 
basic assumptions are: 

1 no egg limitatioii; 

2 seaidi is random; and 

3 the area oC discovery a is constsnt. 

Provided these are correct, then his prediedons about the consequences 
of a parasite-host interaction must I(^ca% follow. 

If we are to test this model we must estimate the area of discovery 
ficom field or laboratory data. The area of discovery is essily calculated 
if we can measure the number (or density) of parasites searching (P) 
and the proportion of their hosts that they parasitize. 



where N is the number (or density) of hosts exposed to attack and S 
the number (or density) not parasitized. Figure 4 . 2e shows the competi- 
tion curve when replotted using A; -values to describe the proportion 
of hosts parasitized. This results in a linear relationship with a slope of 



from which equation (4.3) is obtained by rearrangement. 

Equations (4.3) and (4.4) describe Nicholson's 'competition curve' 
and enable us to predict the proportion of hosts parasitized from the 
number of searching parasites, provided that the area of discovery is 
known. It is now but a simple step to produce a population model baaed 
on equation (4.4). 



1, N 
a.-lqge- 



(*.3) 



0*4343 (»l/loge): 



A;-value for parasitism = log — = ^ 




(4.4) 
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log i^n+i - Jog + log 



PlM.l-i^r».--y,-Mltilpg(lOgJ^»-^) (4.6) 

whete 1* 18 the host veproduotiva xate, Nf^x and N% reprosont suooeiBive 
halt popuktioiis and P»4.i aod P* ro p w ie n t snooeniTe panwite 
pojpnlationB. 
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Fl^ 43 A pflpnlalinn modd baaad on KkliolMii'a thooiy (aqqatttans 
4tiiid4.4). 

0-02P 

Log 1^-1- log 2:302^ + log 5. 

Flgiiie 4.8 shows the ootoome of * pansite-host model based on 
eqaatiom (4.g). These aie, aooordiiig to the model, oertahi 'steady 
densities' JSft aodPc of host and paiasite at i^oh snooessiTe populations 
ave eiZAOtlj the same sise. Eiom fonnida (4.5), if we pat N^^i ^Nn^N^ 
then it fbllows that 

^-logj- m>iht P.-iiMZ (4.7) 

2*3 o 

If there is bo other host mortality, N^F-F, - ^« »P</(F- 1). 
Sabstittttiiig fior P« we then have 

a(l'-l) * ' 
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Thus for any given rates of host increase and of the area of discovery 
of the parasite we can calculate the steady densities of both host and 
parasite. If either host or parasite are displaced from this steady density 
the model produces increasing oscillations in the populations of both 
species. The steady density represents an unstable equilibrium in this 
simple model. We shall see later how it may be stabilized. 




Fl^ 4.4 Observed and oaleulated results of an interaction between 
Encaraia and the greenhouse white-fly, Trialeurodes. Model calculated 
on basis of a constant area of discovery of 0*068 and a host zeproduetive 
rate of 2. After Burnett (1958). 

Several workers have carried out laboratory experiments to test if 
parasite-host interactions in isolated conditions are of this form. The 
heavy line in Fig. 4.4 shows the results of an experiment carried out by 
Burnett (1958) using the greenhouse white-fly Trialeurodes vaporariorum 
and its chalcid parasite Encarsia formosa in an interaction which 
simulated 22 generations. These generations were artificial since 'the 
average number of hosts parasitized, rounded to the nearest whole 
number, in one generation gave the initial parasite density for the next. 
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The average number unparadtized in one generation was doubled and 
rounded to the neareet whole number to give the number of hosti 
exposed In the following generation on tiie aBsnmption that the repro- 
ductive rate of the host was two*. Burnett found fairly good agreement 
between his experimental results and a Nicholsonian model using the 
average of discovery and a host reproductive rate of two. However, it 
is noticeable from Fig. 4.4 that the observed interaction was rather 
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Fig. 4.5 An Mcample of a delayed denmtjjr dependent relattonabip 
lumg the observed leaalte fiom FSg. 4.4. 

more stable than that predicted by the model (fine line). DeBaoh &, 
Smith (1941) used the chalcid parasite Ntuonia vitripennis and puparia 
of the house-fly as host in a similar experiment, which produced similar 
results over 7 generations. (See exerdse 4.2.) 

The oscillations in parasite and host populations generated by 
Nicholsonian models and observed in these experiments arise because 
the reproductive rate of the parasites is related to host density. As 
can be seen from Fig. 4.3, the population density of the i»arasite 
increases whilst host density is above the mean, and it continues to 
increase after that of the host has started to decrease. Conversely, the 
parasite continues to decrease even when the host has started to increase. 
If the percentages of parasitism generated by such a model are plotted 
against the respective densities of the host, the graph obtained is quite 
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different from that of a density dependent relationship. When the 
points are linked in a time seriea, an anti- clockwise spiral is produced; 
this is shown in Fig. 4.5 using data from Burnett's experiment with 
Encarsia and Trialeurodes. Clearly, instead of there being a positive 
relationship between percentage parasitism and host density, as would 
be expected if parasites acted as density dependent factors (see Chapter 
2), the relationship varies betureen being directly and inversely density 
dependent with periods in between when it is approximately indepen- 
dent of density. The relationship is density dependent when both 
populations are rising or falling together, and inverse when the host is 
increasing whilst the parasite is decreasing, or vice versa. We can thus 
state quite finnly that the effect of a Nicholsonian parasite is very 
diffiBrant firam thftt of a density depoident footer: the tendency of a 
density dependent UxiUst is usually to stabilize, the tendency of a 
Mioholsoiiian parasite is to produce population osoillatioDs of increasing 
amplitude— a kind of instability. Because of this delayed relationship 
between percentage parasitism and host densify Varley <1947) coined 
the term cfelfl^eef d^enmtiy dipend/ead finder to deecribe the eflfeot of a 
Nicholsonian parasite. 

Nicholson himself was fully aware that increasing oeoQlations do not 
^ooour under natural eonditions, and he suggested that the natural out- 
come of increasing oedllationB would be to eause the population of the 
host to fragment and continue to exist only as small and widely 
separated subpopulations. He envisaged the increasing oscillations 
occurring in the sub -populations, but because these would not be in 
phase with one another, some populations would become extinct whilst 
others would be started up in new places by immigrants. This sort of 
pattern perhaps occurs in the interaction between the moth Cactohlastis 
cactorum and its food plant, the prickly pear, in Australia (see Section 
9 . 3), but such events have not been sufi&dently documented in iield 
studies. 

There is no need to reject Nicholson's ideas just because in their 
simplest form his models generate increasing oscillations in numbers. 
We saw in Chapter 2 that stability can be brought about by the action 
of an appropriate density dependent factor. Any Nicholsonian model 
may be stabilized by introducing a density dependent mortality to 
act either on the host or on the parasite population (or on both) providing 
it is of sufficient strength. 

There are, however, other difficulties with Nicholson's ideas about 
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Fl^. 4.4 

A A lliidiolaoiiiaa inodel with OM ho^ 

suooeesively (after Nicholson & Bailey (1036), Fig. 12). 

B As above but an additional deosily dependent mortality (iMndna m 

b log Ntt) nonr aota on the hoste aurviving paiaaitima. 



(wfaaie o' a 0 026; oT m 0 036 ; 6 « 016 ; f « 2). 

paraatte-hoBt intenotioiifl. For example, under natunJ oonditioiis it 
is quite oonunon to find an inaeot species being attacked by two or 
move speoifio and qmbhroniaed insect parasites, which may attack 
either the same or snccesnve stages of their host. Nichdson dearity 
thought that his models aflofwed to sach parasite oo-ezistence, and in 
Fig. 4 . 6a we show a recalculation of the graph used to demonstrate tiiis 
supposed co-existence (Kicholson & Bailey 1936, Fig. 12, p. 588). 
However, the oo-existence is illusory : the tendency of one species to 
replace the other is hidden by the rapidly increasing magnitude of the 
oscillations. Figure 4.6b shows a similar calculation, but a httle extra 
stability has been put into the model in the form of a weak density 
dependent factor acting on the host. In this model the first parasite is 
clearly being eliminated by the second. If parasites are assumed to act 



log 2^11+1 = log 



o'P' a'P' 

2*8096 " 2^am 
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in the way postulated by Nicholson, it is virtually impossible to account 
for parasite co-existonce unless we suppose that each parasite species also 
has a density dependent factor which acts only on its own population. 

Probably the most serious objection to Nicholson's ideas is to the 
assumption that the average area of discovery of a parasite is constant 
for a given species. The areas of discovery of Encaraia and Nasonia in 
the experiments described above were fairly oonstaat, but field studies 
have shown how important weather oonditionB can be in determining 
searching efficiency and there is now a large amount of data from 
laboratory experiments showing the search efficiency to be dependent 
on both host and parasite density. 

4.5 The e£fect of host density 

Solomon (1049) defined the term *funotional lesponse' to describe 
ohangee in the number of attacks per parasite (or predator) as host 
(or prey) density changes. This response has been eztensiYely studied 
by HbDing. 

HbUing (1969) demonatrated that a completely general feature of 
parasite or predator attack— the lumdling time'-^as a very important 
eflfect on the functional response. This handling time is the interval 
between a natural enemy first encountering a host or prey and seardi 
being resumed. It varies considerably from species to species. BVnr 
example, Hassell & Rogers (1972) found that the ichneumon NemeriHa 
canescens spends an average of about 20 seconds between first encounter- 
ing a host and resuming its search. On the other hand, the handling time 
of Nasonia vitripennis depends on the previous historj" of the female 
parasite (Varley & Edwards 1957) and may be several hours if the 
female is hungr}- or immature. The proportion of the total time spent 
in handling hosts must increase as more hosts are found (i.e. as host 
density increases), and this reduction in the time spent searching at 
high host densities must reduce searching efficiency (Holling 1959,1966). 

A typical functional response is shown in Fig. 4.7; expressed in 
terms of changing numbers attacked in Fig. 4.7a and proportion 
attacked in Fig. 4.7b. It is clear from Fig. 4.7b that from the point 
of view of the hosts this response to host density is inversely density 
dependent, (The dotted lines show the expected response if searching 
efficiency were independent of host density as assumed by Nicholson.) 
The handling time alone may limit the maximum attack rate per 
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Fig. 4.7 The fvmctional response of a single female of the chalcid 
parasite Dahlbornintis Juscipennia searching for cocoons of the saw-fly 
Neodiprion eertij&r within cages of 60 om floor area. 
A IfTprBwd tiM mni&xm ct he^ pmaitisMl at di£Earent ho«t 
deositiflSt and 

B Eaqmaed m Um peroentage o£ luwto ponaifeiied at diflfonnfc hooi 

densities. 

(The broken line shows the responae eaq;»eoted of a Nioholsoiuaa pam* 
site). Data from Burnett (1956). 



parasite at high host densitieB. In many instaaoes, however and 
particiilar^ when the handling time is Bhort, egg limitatkm of paraates, 
or satiation in the caae of predatoara may be more important. The efifeet 
of handling time on the number of hosts enoonntered {Nm) at diflerent 
host densitieB was studied by HoUing (1969) by an experiment in which 
the searching of an insect natural enemy was represented by the finger 
of a blindfolded person seardiing on a table for sand paper discs. He 
fitted equation (4.9) to the results audit is oonmionj^refened to as the 
*di80 equation'. 




where T is the total time available for search, N the initial number of 
prey available, Tn the handling time and a* the ooeiBoient of attack. 
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This equation only predicts the number of liosts parasitized {Nha) 
if search is systematic (Royama 1971, Rogers 1972). If search is 
random, N h,a may be predicted by substituting equation (4.9) in (4.2). 
This now provides a better submodel for parasitism. The conse- 
quences of such a model are similar to a Nicholson-Bailey model 
but the outcome is always somewhat more unstable, because the 
functional response is inversely density dependent. 

4.6 The effect of parasite density 

Searching parasites may change their behaviour if other individuals 
of the same species are nearby or after they have detected a parasitized 
host. Such behaviour tends to result in a decreasing searching efiiciency 
as parasite density increases. Hassell (1971a, b) investigated some 
features of the behaviour of Xemeritis when attacking its host Ephcstia 
cautella, a species of flour moth. He found that when two searching 
parasites met, one or both of them tended to leave the area where the 
encounter took j)lace. This interference; between parasites, which 
detracts from their searching eihciency, must increase as parasite density 
increases. 

Hassell & Varley (1969) examined the published data from a 
number of laboratory host-parasite interactions and found tliat the 
relationships bet\veen area of discovery and parasite density could ail 
be represented fairly well by the formula: 

log a = log Q— m log P (4.10) 

or 

a = ^p-m (4.11) 

so that if we substitute for a in (4 . 4), 

k^^- (4.12) 

2-3 ^ ' 

where Q is the 'quest constant' (the area of discovery when tiie parasite 
density P is 1 and m is the 'mutual interference constant' (the slope of 
the relationsliips in equation (4.10)). P'igure 4.8 shows some of these 
relationships. Nicholson's assumption of a constant searchinrr ctiiciency 
is now only a special case of the more general model when ni = 0. 
Equation (4.11) is a very convenient description of how searching 
efficiency changes with parasite density; the parameters can easily be 
determined from field data provided that the percentage parasitism and 
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the density of searching paradtee are known. Notice, howeyer, that 
equation (4.10) is only an approximate description; several of the 
relationships in Fig. 4.8 show signs of being curvilinear*. It is also 

-I'Or 




1-0 2-0 
Log parasite density/m' 



3-0 



4-0 



Fi^ 4.8 Relationdiips be twt wu log avea of discovery and log densily of 

searching parasites. 

A Dahlbominu^ ftiacipenni^ {see Fig. 4.7) Burnett (1956). 

B Pseudeucoila bochei. Bakker et cU. (1967). 

C Chdoniu texanua. Ullyett (1049a). 

D EneaniafarmoM (see Fig. 4.4). Bumeit (1968). 

B NwnenUa ameaemt, Haesell & HuflBriBer (1960). 

F CryptuB womaHi», ITllyett (1948b). 

For refereneee see HmmB (1971a). 

obvious that searching effidenoy cannot indefinitely inoroaee aa parasite 
density is reduced. 

The outcome of some models based on Quest Theory can be com- 
pletely different from that of a Xicholsonian model because they include 

*8ee Rogers ft lUaaeU (1974) 
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'interference'. In the first place, the changing searching efficiency is 
equivalent to a density dependent factor acting on the parasite so 
the models are not necessarily unstable. The stability of the models 
increases with greater values of rn as shown in Fig. 4.9. Secondly, 
there are wide ranges of values for Q and m in equation (4.11) which 
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Fi^. 4.9 Population models showing the increasing stability as the 
mntaal intcrfw enee oonatMit m is inoMMed finom 0*8 In A to 0*6 in D. 
From HjmmII ft Varley (1969). 

allow the co-existence of two or more parasite species on a aingla speoieB 
of host (Fig. 4.10). These questions of stability and oo-existenoe are 
Yecy important in developing a theoretical basis for biologioal control 
(see CShapter 9). 



4.7 Predator-prey interactloiis 

Much of this chapter has been concerned with population models for 
simple host-parasite interactions. We also need population models for 
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Fig. 4.10 A population model showing the stable eo-existence of a host 
and three parasites. Host F = 5; Q = 01 ; m — 0 5 for parasites 1 and 3« 
m = 0-6 for parasite 2. From Hassell «fc Vcurley (1969). 

insect predator-prey interactions but deriving these from observation 
is proving a more difficult task. Perhaps this is because predator repro- 
duction is not closely related to prey density and because it is much 
liarder to estimate their searching efficiency. In the models discussed 
earlier, the parasite's reproduction is modelled by the attack formula 
used, since it is assumed that one host found results in one or a given 
number of parasite individuals in the next generation. The insect 
predator situation is quit€ different. Hover flies, such as Syrphns spp., 
need to feed on pollen, nectar, etc. to mature their eggs and tend to 
oviposit in the vicinity of aphid colonies. They are predatory only 
during the larval stages. ( 'occLnellids, on the other hand, are j)redatory 
as larvae and adults, but again the number of eggs laid is usually 
independent of prey density provided that suthcient food has been 
obtained for complete egg maturation. The searching efficiency depends 
not only on prey and predator density in much the same way as for 
infleot paiaaites, but also on the particular stage of development of the 
predator. Dixon (1958) showed this £rom the relationships between a 
predatory coccinellid, Adalia deeempunctafa and the nettle aphid, 
Microlophinm rvansi. The adult and the fouT larval instars of Adalia 
all feed on aphids. Table 4.1 summarizes some of Dixon's data: the 
success of predation resulting from encounters between Adalia and the 
nettle aphid depends on the dtiierent instars concerned. For a given size 
of aphid, each successive larval instar of the predator has a better chance 
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Table 4.1 Percontago chauco of succossful piodation of the nettle apiud 
Miarolophitim ewmsi when encountered by the predatory Coccinellid Adalia 
deempuneUM—^ ten qpot lady bird (Dixon 1968). 
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of success in capturing its prey and thus getting food. The adults are 
rather less efficient than the big larvae. 

We can see from this that some of the simple assumptions which 
seem ed to fit parasite behaviour certainly do not apply to this kind of 
predator. In the first place, searching efficiency depends on the stage of 
development (as shown by Dixon) and secondly there is not sueh a 
dear relation between reproduction and prey density. 

Even vith an ideal submodel for predatkm, we woidd still require 
additional infbnnation to model tiie ontoome of a psiticDlar predator- 
prey inteiaotion. Predator populations, just like their prey, snfier 
several mortalities, whether from ofimatio efiEeots, seoondsiy predatkm 
or competition. (This, of course, is also true of host-parasite interac- 
tions.) These life table components must be included in any model 
designed to mimic field conditions. Some examples where this has been 
attempted are described in Chapters 7 and 0. 

4.8 Non-random search 

The models we have discussed in this chapter assume that the popula- 
tion of parasites or predators searches at random with respect to their 
hosts or prey. This assumption of random search simplified the mathe- 
matics — but there is little or no evidence that it is generally true, rather 
the reverse. Many insect natural enemies do not search at random, but 
show a marked response to the spatial distribution of their hosts or 
prey. Some predators and parasites are attracted from a long distance 
by the scent of their host or prey. Others tend to remain for a longer 
time searching in areas where they have already found a host or prey. 
In either case there will be a tendency for the searching population to 
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spend mora time and therefofe to aggregate in areas where their hosts 
or prey are most abmidant and to cause a higher percentage mortality 
there compared with low density areas (Hassell 1966, Murdie & Hassell 
1973). Figure 4.11 shows an example of such a behaviour response for 
Cyzenis albicans, a tachiiiid parasite of the winter moth (see Chapter 7). 
The density dependent response to the host distribution is the result 




Fl^. 4.11 The behavioural response of the tachinid parasite Cyzenis 
albieana to local dififerences in the population denai^ of winter moth 
larvae on diffarent treee in one area in the same year. 

of the parasites tending to concentrate their searching activities on the 
oak trees with the highest winter moth densities. Non-iandom search 
of this kind is important sinee it tends to increase the stability of the 
host-parasite or prey-predator interaction (Hassell & May 1973» 1974). 

Field studies give the general Imprassioa that populations of poly- 
phagons parasites and pradatora tend to be eepeoially stable. We 
know tiiat inseotiTocous Yertebrates, especislly birds, concentrate on 
the more abundant host or pray spedes, and probably insects can do 
so likewise. Perhaps stability is also promoted by this type of 
deviation from random search. This ability to change to different food 
supplies and concentrate on the most abundant could be an important 
factor in stabilizing predator or parasite populations. This problem is 
farther discussed in Chapter 7. 
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CLIMATE AND WEATHER 



SA Synopsis 

Weather and climate affect the physiology and behaviour of insects. 
W^e include in weather the changing hour-to-hour measurements of 
temperature, humidity, wind and rain etc. Climate is defined in 
terms of long-term averages for these same measurements. 

Day-length and temperatnie have important effects on the 
insect's endoczine ^stem which can act as a switch and determine 
whether the insect is active or goes into diapause. This modifies 
the effects of weather fiictors on sorvival, development and 
reproduction. 

Weather affects insects as individuals (independently of the 
population density), and so acts as a density indepetident or c<Ua- 
strophic factor. Weather is known to determine population change in 
many insects. 

The vexed question 'can weather control populations' is 
examined: if a population ia acted upon both by a density depen- 
dent factor and a density independent variable factor such as 
weather, then the weather detetimnea the ehangesy but the density 
dependent factor is primarily responsible for reguUuing the popula- 
tion about its average level of abundance. Confusion arose because 
the word control has been used indiscriminately for both these 
processes. 

5.2 Introduction 

The planet Earth spins daily about an axis of rotation which diffefs 
by 22^° from that of its orbit around the sun. Tiiis imposes a diurnal 
rhythm in incident solar radiation and ako an annual rhythm. The 
diumal rhythm is dominant at the equator and the annual rhythm 
dominates the polar regions. In temperate latitudes both are important. 
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The changes in momsMd physical propertieB of ths >tmo§ph6re, and 
of freahwater and marine environments afibct animals and plants in 
various complex ways. 

53 Climate 

To define tUmaie meteorologists have done two things. 

1 They have standardised their temperature measurements by putting 
tiieh* instnunents inside a Stevoison screen — a white wooden box 

with louvred sides at a height of 4 ft above a mown lawn. 

2 They have taken average values for the sunshme, rainfall, wind, 
temperature and other weather conditions recorded. The average 
temperature of a day is the arithmetic mean of the maximum and 
minimum values recorded. The average for the month is the average 
of these figures and so on. 

This information can be summarized as isothermal lines on a series 
of maps. Climatic zones are determined by temperature and the distri- 
bution of rainfall, both being greatly infiuenoed by latitude and by 
altitude above sea level. 

The geographical range of a particular species of insect may be 
restricted to a single climatic zone either because its food plant is so 
restricted, or because in adjacent climatic zones weather conditions are 
temporarily unsuitable for its life (Birch 1957). Casual immigrants, or 
their ofifopring, perish. But in praotice distribution cannot be described 
in terms of climate alone, as can be seen from the very complex and 
irregular patterns of butterfly distribution in Europe (Higgins & Biley 
(1970)). 

Nevertheless, the species composition of the insect fauna found in 
interglacial peat depoeits is being used with success to indicate the 
dimatio changes during these periods (Goope 1970). 

5.4 Weather and its effects 

TbB annual, seasonal and diumal changes in temperature, humidity, 
rainfall, snow storms, haH, wind and sunshine constitute the weather. 
Descriptions of the weather must concentrate on variations and diver- 
gences from the mean for the time of year (udiich is the climate l>y 
definition). 

Instruments can record many of these environmental variables in a 
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form suited to the computer. The computer can then be programmed 
to seek oorrelations between population figures and the meteorological 
measurements. The problem is how to integrate the rapid environ- 
mental changes over the period of days or months needed for a develop- 
mental stage or the life of an insect to be completed. The difficulties are 
increased by the ability of the insect to move and select suitable 
oonditions from a diverse environment. Wellington (1957) has reviewed 
ways of estimating the nature of this diversity in relation to Stevenson 
screen measurements for any specific type of synoptic situation. 

Without an intimate knowledge of the physiology and behaviour of 
the insect itself, it is hard to know what to tell the computer to do with 
the measurements of weather. The weather can produce physiological 
eflfects on insect populations in four major ways, by modifying (1) the 
activity of the endocrine system, (2) survival, (3) development and 
(4) reproduction. 

5.4.1 Effeds on the endocrine system 

The effect of weather on the endocrine system is so basic that we must 
consider this first, because it acts rather like a switch. Insects of the 
temperate zone tend to react to decreasing day length by a change in 
the neurosecretoiy cells of the brain which induces diapause (Lees 1956), 
a state in which the insect's reaction to temperature is switched off, or 
at least suspended. The insect may become cold-hardy (i.e. resistant 
to freezing) and cease to tle\ elop or to reproduce. Two known ways of 
terminating diapause are by increasing day -length, as in the dragon-fly 
Anax (Corbet 1956), or by a period of low temperature, with conditions 
which simulate winter. Activity is then switched on again by the 
endocrine system and the insect once more reacts to temperature 
througli the process of growth and development. 

Turnock (1973) showed tliat in Manitoba weather conditions cause 
a great variation in the diapause and indirectly in the survival of the 
tachinid fly Bessa hurveyi which is a parasite of the larch saw-fly, both 
of whieh normally have an annual life cycle. If the season is an early 
one, the newly emerged larvae of Bessa are subjected to high tempera- 
ture and a long day length. They then fail to diajjause and emerge 
quickly as a second adult generation at a time when the acceptable 
stage of the favoured host is absent. This lack of synchrony causes 
heavy mortality. Tumock found a strong negative correlation between 
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Mtumn emeigenoe in oonseotttive years, which suggests that a genetic 
fiiotor may also be involved in the timing of the life cycle of Beam. 

6.4.2 EJfecU on survival 

Biveob evide&oe that any dead inaeot found was killed by weather 
ftotora IB haid to obtain although thefe am many aneodotal reoofds. 
Frost may IdU insects; dead insects can be found on the mountain snow 



Population end mortally of 

diamond bock molh in &Alirica:Egg~^ Adult <20 days 




Fl^ S.1 The eObot of paraoitiBn end a fimgua disneiw on a {Wfiiiialioa 
of the dienymd hack moth, PlutaOa maeuKpmmiB. Data from X7%ett 
(mi). 



fields in spring. After heavy rain the water which aooumnlates in the 
leaf baaea of the teazle {JDipaaeua JuBonum) often contains drowned 
aphids. Summer floods drowned a proportion of the pupae of the 
knapweed gall-fly (see Table 6.3) and unusual winds may cany migrat- 
ing insects like locusts 6r out to sea, where all pnish either by drowning 
or being oonsumed by the marine fauna. 

Important indirect effects associated with weather changes are 
probably frequent, but difficult to find in the literature and we will 
meuHoii <m]y two. 

The diamond ba4sk moth, PhOeUa maenUpenms is a widespread 
pest of cabbage and other Brassica crops. Ullyett (1947) provided 
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figures for populatum and mortality Qhanges in S. Africa (Fig. 5.1). 
When the xaiiM came, conditions became suitable for the rapid trana- 
miflfflon of a fimgna dweaBe of the caterpillara and a high ptopoaiaon 
of them died. The wet wealher also had an advene efifect on the activi- 
ties of the panuntea oiPhdeUa so that the percentage of larvae parasi- 
tized fell rapidly, ^rfiieh led to a sharp &U in the avmge pavadte 
popidatkuL Anothir instaaoe, mentioned again in Section 9.4.8 conoems 
the eflfeot In Fiji of the xaiiqr season on the mite Pffmotei, In tiie dxy 
season the mite was aiUe to destroy most of the larrse sad pupae 
of the cooonnt beetle Pnmeootheea (Fig. 9.3b), which is a leaf-miner 
living in tannels in coconut leaves. In the rains tiie mites did not 
survive and the beetles then increased in numbers. 

5.4.3 EJJects on development 

Temperatnre has a sunple effiMt on many chemical xeactioDS. Yan 
t'Hoff and Airfaenias used diffarent finmidae to describe these eflfects, 
but over the narrow range of temperature in which most insects live 




Temperature in *C 
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they differ very little and neither of these formulae is very helpful 
because at temperatures near freezing and at temperatures above 30° 
or 40°C normal physiological processes are hindered and few insects 
can live very long. 

Davidson (1944) reviewed the effects of constant temperatures on 
the development of insect eggs. The duration of the egg stage of the 
fruit-fly Droaophila (Fig. 6.2) has a minimum at 30°C, so that the curve 
for its reciprocal, the rate of development, has a maximum at this 
temperature. Davidson fitted a logistic curve to the rate figures, but 
this deviates from the measured yalnes at temperatures above 29°C. 
It is simpler and accurate enough for our purposes to fit a straight line 
to the graph o£ deyelopmental rate against temperature. This straight 
line cuts the temperatuze scale at the 'developmental zero' (ll^'C in Fig. 
S*2); and at temperatures between 15-27°C, the rate of development 
to given, to a first approximation, by the formula 

l/H =^ O'OOU {T - 11) (6.1) 

where T to the constant temperature at which development has been 
measured and H to the number of hours from the laying to the hatching 
of the egg. 

ThflKe are four simple logical consequences of tins relationship: 

1 for a fixed temperature the fiaction of total development can be 
estimated for any time interval; 

2 when mean daily temperatures vary, the fractions of daily develop- 
ment can be added together; 

3 when thto total equab unity, development to complete; 

4 for complete development a precise number of 'day-degreee* needs 
to be accumulated (temperature being measured above the develop- 
mental zero). 

Shelford (1927) used day degrees to predict the time of events in the 
life history of the codling moth, Cydia pomonella, and found that the 
dates at which adults emerged from the pupal stage in spring could be 
related to the daily meteorological records. The mean temperature 
each day above the developmental zero determined the fraction of 
development in each day. We calculate that to reach the adult stage the 
insect required about 650 day-degrees above 11°C. For Drosophila 
melanogaster egg development the requirement is l/0'0034 hour-degrees, 
which is just over 12 day-degrees, above 11°C. 

The rate of development of an insect species may change with 
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climatic trends caused by latitude or altitude in a way which seems 
easy to understand. A widely distributed pest like the codling moth has 
a single generation each year in the northern part of its range. Further 
south it may get through two or even three generations in the year. 
Similarly, in any one place many inaeot species pass thxongh an extra 
generation in a year when the weather is exceptionally warm. 

The fascinating story told by Lloyd & Dybas (1966) about the 
American cicadas is much less essy to explain. Magicicada aeptendecim 
takes 17 years to grow from egg to adult in the northern part of its 
range in eastern USA and is famous for the synchronized emergence 
of the noisy adults. Lloyd found with these oioadas some rather smaller 
ones whose song is distinctive and which are also sufficiently di^rent 
in ecology and structural detail to be r^arded as distinct species, Jf . 
eaadni and M, s^iendeeula. In any one place almost all the individuals 
of all three species emeige in the same year; nevertheleBs populations in 
diffinent places come out in diffiarent years, but always at 17-year 
intervals. The exception is that, in the warmer southern states, the 
1 7-year cicadas are veplaoed by what appear to be races of the same three 
species which produce adults at intervals of 18 years. What significance, 
if any, resides in the foot that the favoured intwvals are prime numbers, 
and why no races appear to have life cycles of 12, 14, 15, 16 or 18 years 
remains a mystery. 

The simple relationship used by Shelford between the developmental 
rate and temperature of the codling moth w^orked fairly well for events 
in the spring, but Hopkins (1918) had already found that it did not hold 
at all well for the whole year. He enunciated a 'biocUmatic law' which 
fitted the phenological events in the USA far better : 

'Other things being equal, the variation in the time of occurrence 
of a given periodic event in life activity in temperate North America is at 
the general average rate of four days to each degree of latitude, five 
degrees of longitude and 400 ft of altitude later northward, eastward, 
and upward in the spring and early summer, and the reverse in the later 
summer and fall'. 

Hard wick (1971) gives the peak dates for the capture of various 
common moths at light traps in Saskatoon (Sask., Canada) and in 
Dayton (Washington, USA) which is over 600 miles S.W. In Fig. 5.3 
we have superimposed his results on a diagram which gives an idea of 
the differences in temperature at the two places and of the changes 
in day length. From the biodimatic law we would expect events in 
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Saskatoon to be a month later than in Dayton in the early spring. The 
earliest moth listed, Scotogramma trifoUi peaked on 29th May at Dayton 
and 26 days lat^r on 24th June in Saskatoon. If temperature alone 
determines the developmental rate, the delay should be greater for the 
later species. In fact the peak times for the species in the middle of 
the summer differed little and the five species which peaked in Septem- 
ber in Dayton, peaked in August in Saskfttooii* aa predicted by HopkioB. 
The biooliniatio law deeoribes the differences reasonably well, but how 
are we to explain them physiologically? Perhaps each species has 
genetioally diffinent zaoes in the two places which have evolved different 
leflponBea to tempeiatnie; saoh a meohanism would be like^ to £eu1 for 
aatamn apeoiea in cold yean-^hey nu^t be uiable to complete their 
deyebprnent. More piobabl|y, the ttSBng day length after the summer 
adatioe bringa about endooriiie ohaogea lewmbling tiioee associated 
with diapause. If this is the explaiiation, then development in the new 
physiological state will have to be accelerated at low temperature and 
slowed at high temperature. 

Sensitivity to day length may be lestrioted to a particular stage of 
developments Oorbet (1962) showed that the dragon-fly Aneus impertUor 
normal^ went into nymphal diapause over the winter, la. this state it 
could be active and feed, but was unable to metamorphoae into the adult 
stage. Just before the penultimate moult the nymph was sensitive to 
day length. Summer conditions with constant or decreasing day length 
put the insect into diapause. Development to the adult stage was 
initiated either by a gradual increase of day length, as normal for 
March and April in the North temperate regions, or could be induced 
artificially by a sudden increase of at least 20 minutes day length. 

As a consequence of these reactions, if the food supply enabled 
the nymph to reach the penultimate stage well before the summer 
solstice, Anax developed rapidly from egg to adult in just about a year; 
if it reached the critical stage after the solstice it entered diapause and 
was not triegcred into development for another nine months. Adult 
emergence was at almost the same calendar date whether development 
had taken one year or two. 

A direct demonstration that temperature and humidity affect the 
leproductiYC rate (and also the survival) of an insect is provided by the 
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work of Bazton ft Letwli (1984) on the tietee-fly Gloisjna fcidlMioMEef in 
West Africa. They found that temperatme and humidify in the field 
were often far firom the optimum for the speoieB and indeed approached 
close to the lethal limits. In one series of experiments they determined 
the thermal death point for one hour's expoam^ and for one day's 
exposure. In other experiments at a constant temperature of 30°C and 
at five different relative humidities between 11 per cent and 88 per cent 
K.H. the flies wore kept in small jars and they were given a chance to 
feed once a day on human blood. The weight of blood taken at each 
meal was estimated from the change in weight of the fly. In favourable 
conditions the female flies, which are viviparous, gave birth to a fully 
grown laiva eveEy few days and any such births were recorded. 

Table 5.1 The effect of conatant temperature and humidity on the simaval, 
ftMMiiwg Mid the birfeh ci the ttetee-fly Oloasina Uichinoide», From Buxton & Lewis 

(1934). 



Percent 



Tanpomtum 
in dBgrow 0 


relative 
hmniidity 

(%) 


Survival 
indajya 


Weight of 
blood meal 
hung 


Births per 
hundred 9 
daya 


80 


11 


<10 


6 


0-8 


90 


19 


20-25 


7 


0-9 


30 


44 


25-30 


11 


2-8 


• 30 


65 


<5 


10 


0 


30 


88 


<5 


8 


0 


24 


11 






<1 


24 


44 






<1 



Besolte ftom this sfendy an soniiDAiized in Table 5.1 and Fig. 5.4. 
Surviyal of the flies at 30^0 was best at 19 per oeat and 44 per cent B.H. 
and was rednoed at 65 per oeat to less than five days. Both the number 
of burths and the weight of Uood talcen peeked at 44 per oent RJ9. 

Superimposed on temperatoie/humldity oo-ofdinates of Fig. 5.4 are 
the average figures (taken firom Stevenson screens) for the change in 
shade temperature and humidity in April (which is typical of the dry 
season) and July (the season of rains). In July the average conditions 
for a day are those which, if held constant, would permit a survival of 
Olossina for only five days. The April conditions passed through the 
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100% 



Relative humidity 



Fig* M Tbe effiBoto of raHattve humidity and of tempeffatuie on tiie 
aurvival of adult Ipbtae ffiea, CUonina, in the laborotoiy , and the average 
oonditkma pievaaling in West Africa during the xnontha d April and 
July. Data from Buxton & Lewis (1934). 



optimum for the taetse-flies night and morning (all in Table 6.1), but 
in the afternoon were again in the five-day surviyal zone. Theee measure- 
ments show the survival value of changes in tsetse behaviour during the 
day, and the advantsge m the heat of the day of resting under the 
boughs of laige trees where the temperature is well below that of the 
Stevenson screen. 

In the dry season the Stevenson screen temperatures on the hottest 
days rose to the upper fatal limit for an hour's exposure. The flies' 
abililiy to select sheltered places is obviously important to survival. 
In the wet season conditions for feeding, reproduction and survival are so 
poor in the field that the tsetse numbers would be expected to fall, as 
they weie observed to do. Indeed Buxton ft Lewis's work leaves us with 
the opposite problem — how the species survives the unfavourable 
period. This it apparently does in the pupal stage in the ground. 

ViBxiey (1947) found a very different relationship between weather 
conditions and the reproductive activi^ of the knapweed gall-fly 
(Chapter 6). At constant temperature and humidity, optimum condi- 
tions for egg laying occurred between a temperature of 30-35°C and an 
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B^. of 6(^70 per oent. Fidd temperaAarM never readhed this optimal 
sone. Tbe higlieifc tempeialafM leooirded in the field weie aeeociated 
^dth low hnmidltiftfl, bo the flies were active and laid eggs early on sunny 
days bnt hid away as the temperature rose above 20**C and sought 
cooler and more humid regions near ground level. 



WEATHER 



CLIMATE 




I^Developrnent | 



populotion 
d«mity 
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A diagrammatic representation of the 
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The four efiPects of dimate and weather which we listed at the begin- 
ning of this chapter aie effects upon the insect at the physiological level. 
Figure M wimmariiww their main inteiactioDS. The point we pertica- 
laritS^ wish to emphaaiBe in this diagtam is this : because dimate tt 
in tenns of aneruge conditioDs, it has a big influence on the mean 
popolalion density of a speeie8» wheceas weather, being the day to 
day change, f ndndes the wiw i iM which have particular inflnenee on 
survival and hence on population change. The relative miinmi^ of 
weather and climate will, of conzse, vary enormouafy in dififerent oases 
and a more detailed discussion of the arguments which have arisen is 
left to tile next section. 
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5^ Evidence that weather determines population change in 

the field 

In Chapter 2 we quoted the view of Howard & fiske (1911) that weather 
acted as a catastrophic agent — kiUmg a very variable proportion of 
hiBects from time to time. Andrewartha & Birch (1954) have also 
emphasized that variable weather determines population change. 

Locusts^ which hve in semi-desert country where the amount of 
rain is very variable, are especially affected by weather (Uvarov 1931). 
However, their uneven distribution and their migratory behaviour make 
a meaningfol census extremely difficult, and life-table information is 
hard to obtain, even for part of a generation. Key (1945) sought an 
eaqklanation for the &ot that the Australian plague Locust Chortokeka 
termm/iftra produced swarms in some years but not in others. Without 
detailed population estimates, life tables, or physiological studies, the 
methods available to him at that time were limited. First Key investi- 
gated the possibility that there was a correlation with the 11 -year 
sunspot cycle ; no such relationship could be found. Next, ft was known 
that the bcusts needed damp, bare earth for oviposition and fisivoured 
tussooky grasses for food and shelter; the locusts were particularly 
numerous in the south-east quarter of Australia, in the climatic zone 
where rainfall was light and very variable. Beheving that rainfall must 
influence the growth of tlie grasses on which the locusts fed, it was 
natural to see if there were any special features in the weather records 
in those years when swarms w^ere reported. Key tested for a correlation 
between rainfall and the years of swarming. Again no clear relationship 
emerged. After trying many different combinations of weather measure- 
ments, Key found the best correlation with a 'rainfall index' which was 
influenced by the monthly distribution of rain. The index was obtained 
by multiplying the total number of inches of rain from October to 
February by the number of montlis in the same period in which more 
than 2 in. of rain were recorded (zero being counted as one half) (Fig. 
6.6). With a rainfall index less than 16, no swarms were observed. Ten 
of the years gave rainfall indices between 17 and 69, and in six of these 
swarms were recorded. There is no valid way of testing the significance 
of such a result because it was selected as the best of many correlations 
examined. Although the limits were chosen so as to get the most 
fovourable result, no swarms were observed in 1916 when the index 
was 69, whereas swarms were recorded in two years with an index less 
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than 20 (1922 and 1956). The weather measurements certainly do not 
account for aU the variation in population but what other iactors might 
be involved remains unknown. 

The effeotB of dimate and weather in Africa and Arabia on the 
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Fig. 5.6 The nrowhitnhud hirtograma are for the yeon in 
■warming of the Anatralian plague loooat, Okortoietlu tm'uwb%ifwa, 

took place. The rainfall index was obtained hy mtaSMpfyiag the total 
number of inches of rain firom Ootobor to February by the number of 
those months in which there was more than 2 in. of rain (zero counting 
as I). The data were coUeoted at Bogao-Macquarie, New South Wales, 
Australia, Key (1946). 



spectacular outbreak of the desert locust Schistocerca gregaria in 1967 
and 1968 provide a particularly dramatic story, which is well told by 
Baron (1972). The thousand-mile migrations of this locust are deter- 
mined by wind direction, which normally blows towards the inter- 
tropical convergence zone which is a semi-permanent but mobile frontal 
system where rain is most likely to be falling. So by riding the wind, 
the locusts are carried to places where there is damp soil suitable for 
ovipoflition and ako for seed germination and the development of the 
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perennial plants which will provide the food for the locust hoppers when 
hatched. Rarely, the winds carry swarms out to sea, as in October 1954, 
to perish in the Atlantic (Johnson 1969, Fig. 19.3). The locust success- 
fully exploits the vagaries of the weather to eke out a chancy life in the 
tropioal semi-desert. In any one place its numbers can increase only 
after rains. So, m UvaiOT (1931) proclaimed, there is a dose causal 
ooEvdation between weather and changes in locust numben. The pro- 
o eflDOD regulating the population level of locusta and why one locust 
spedes and not another ia the oommon spedes are miexplained, and will 
nmain so without tiio neo e o na iy life-table infomuition. This will be very 
diffionlt to provide, hut we mnst not be undnfy difloomaged to find that 
flome important proUenis cannot yet be solved. We are only beginning 
to solve the simpler probtoms. What now seems impossible may take a 
little longer* 

Davidson & Andiewartha (1048a, b) made an interesting attempt 
to inteqpiet the diange in the numbers ^Thriipt imagims, a tiny plant- 
8ad±ig insect, in roses grown in the garden of the Waite Institiite at 
Adelaide, Aostnlia. This pioneer study in the use of multiple regression 
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Fig. 5.7 Mean monthly popvUation counte of adult Thrips imaginis in 
roees at Adelaide, Australia. Data firom DavidBon & Andrewartha 
(1948). 
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anaJtysig has led to a lot of aignment about methods and interpretations. 
They ooimted the number otTkripa in a sample of 20 roses eyery week 
over a period of 14 3rearB, bat they did not record the total number of 
roses available, and did not study the plants in which the Thrips bred, 
so the figures represent an unknown variable fraction of the real Thripa 
population. Figure 5.7 presents some of their figures. Each year the 
number of Thrips in the roses reached a peak towards the end of 
November. Davidson & Andrewartha assessed the efiects of weather 
on the Thrips numbers by seeking correlations with meteorological data. 
First they converted the Thrips figures to logarithms and took means 
(with or without adjustments) over various periods near the peak which 
gave seven different ways of expressing the size of the peak, each of 
whioh was treated as the dependent vaiiabie Y in the multiple regression 
fofmnla: 

whsie 6 terms axe ooostants, and the x terms are various temperature 
and rainfall measurements for different months before the population 
peak. 

The eomputation finds the best values for the constants 6oi 6i, 6s 
etc., to solve the equation. If any particular value of 6 is very small it 
means that that particular x term has no significant effect on F: it can 
be eliminated and the calculation is then repeated with only the more 
important variables. In this way Davidson & Andrewartha were able 
to explain up to 84 per cent of the varianoe in 7 from the changes in 
four weather terms: xt, the number of day degrees up to 81st August; 
X4, day degrees in September and October; day degrees in August 
of the previous season; and x$, the rainfall in September and October. 
This is strong evidence that most of the variation in the Thrips counts 
depends upon the weather. Although we have learned to distrust 
the results of multiple regression because it is always possible that sudi 
correlations are not causal, we consider that Davidson & Andrewartha 
made quite a good case and produced a reasonable predictive equation 
for population change. 

Later Andrewartha & Birch (1954) reviewed this work and drew 
a further conclusion which seems to us unwarranted. They said (I.e., p. 
582) 'not only did we fail to find a "density-dependent factor" but we 
also showed that there was no room for one'. 

The method of numerical analysis used by Davidson & Andrewartha 
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was designed to discover the cause of population change, and would not 
directly reveal the presence of a denait\^ dependent factor, because it was 
not designed to do this. The idea that there was 'no room' for a density 
dependent factor suggests that the factors causing population change 
and any density dependent factor should have an additive effect. If, as 
we believe is the case, the two oppose each other, then their conclusion 
is unsound; it has been criticized by Kuenen (1958) and Smith (1961). 

It is illuminating to test in a population model how the presence of 
density dependent mortality alfects the oonelation between tihe 
obsen^ nvmbeni and a mortality whieh is lepresemted by a random 
▼ariaUe. Sappoee we model the population ohaages of an insect with 
one generatioa a year which has a fixed 10-fold rate of increase. If 




Fl^ 9.8 In models A and B an adult population Nj^ is given a 10- 
fold reptodnotEve nto: then a nudam key-faotor whioh is identical in 
each model acts to leave a population density of larvae, Nl whieh is 

plotted on the top line. 

Model A has a weak density dependent factor 
ktml'm+lhllogNi, 

ki explains only 32 per cent of the variance ctf log N^, 
Model B has a strong density dependent fiMrtor 

*! « - 0 076 + 0-7 log Nl 

ki now eiplaiiw 91 per cent of the variance of log Nl» 



Copyrighted malBrial 



92 OhapkrS 

populations of larvae and adults of generation n, .V ^ and xV are repre- 
sented by their logarithms, the annual increase is 1-0, Let us represent 
the catastrophic effects of weather by a random mortahty factor ki 
(Fig. 5.8) which kills a variable proportion of the newly hatched larvae. 
Suppose that the only other mortality fiaotor k2 is density dependent. 
The queition we ask is : does the change in hi eoplain the varianoe in the 
larval population {N^) better in the preseooe of a weak or a stvoog 
density dependent faotorl 

Model A indudes a weak dsaaty dependent &otor, 

1-276 + 01 log J^^L 

whioh is unable to eliminate trends oanaed by the random ohangee 
in ki. The dhaogee in ki ei^klaln oufy 29 per oent of the Taiianoe in Na 
beoaoae maflh of the population ohange is eumulative from one genera- 
tioii to another. 

In Model B there is a much stronger density dependent ftotor 
xepresented hy the value of —0*076 +0*7 log JV/; and this aots 
as a powerful stabilising influenoe. CShangps in ibi now explain 91 per 
eent of the varianoe in Ni^ It beoomes obykras that if the density 
depeoodent fitotor ki was exactly oompensatnig (Chapter 2) then ki 
woxdd explain 100 per oent of the population ehango* Oonmsely , if there 
were no density dependent fiMtor present, the relationship between 
density and ki would be very small indeed, unless by chance or design 
(Reddingius 1971) the mean of ki exactly balanced the reproductive 
rate. We claim that a fairly strong density dependent factor must have 
acted on the Thrips population between the summer maximum and 
the winter minimum. Its effect is clear in Fig. 5.7 where the differences 
between the summer maxima have a spread of over eight-fold, whereas 
the winter minima show only a four-fold scatter. 

A more direct test for density dependence in the mortality during 
the period of population recession is to plot the percentage change &om 
the maximum to the next minimum, or the corresponding X;-value, 
against the peak population. High population peaks are followed by 
high ifc- values but the points do not fall tidily on a line, which shows that 
the density dependency is aooompanied and partly obscured by some 
random changes. 

Andrewartha & Biroh (1954) aigued that weather factors determined 
population change and this has sometimes been restated looaefy 'weather 
oontrols tlie population*. Nioholson (1933, 1964) took an unoompromis- 
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ing stand on this issue, arguing that the various ways in which weather 
acted on the physiology of insects could not be density dependent. 
Therefore weather could not control the population. We take the view 
that both these arguments are basically correct and do not really 
contradict each other. The apparent contradiction comes from two very 
different meanings of the word 'control* (Varley 1963). 

'Control' in Nicholson's sense is a stabilizing density dependent 
pnooess, like that implied by negative feed-back in cybemetios. For this 
process we have used the word 'regulation' following Kuenen (1968), 
Klomp (1962) and Bakker (1964). We agree that weather faotocs cannot 
act in this way. Aignments that weather can be densily dependflnt 
usually inclnde the idea of a limited favom»ble niche in which a small 
number of animals survive, whereas those ontdde the niche suffer lethal 
weather conditions. As the limit is set by the size of the niche we prefer 
to regard this as limitation by space ratiier than limitation by weather. 

In the model B in Fig. 5.8, control in the Nidiolson sense is the result 
of the density dependent factor k% which reguUUes the populaiion. 

The kind of test used to prove that climatic factors 'control' popula- 
tions would show for the model in Fig. 6.8b that was determining 
population change. 

The two components of the mortality in the model, ki and are 
both important, but their proj)f3rties and effects are quite different. In 
the hterature of economic entomology the word 'control' is used indis- 
criminately for these two processes w hich w^e distinguish by using the 
words determination and regulation. This is not the place to review all 
the confusing uses of the w'ord 'control' in recent publications but it 
can often be replaced by words like 'kill', 'mortalitj^' or even *an 
insecticide application' without change of meaning. Wherever possible 
we have avoided the word. Where readers find the word in tliis book or 
elsewhere they should pause and consider carefully what kind of 
meaning is to be attached to it. 
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LIFE TABLES AND THEIR USE IN 
POPULATION MODELS 



6.1 Synopsis 

If we devise suitable census methods and count the numbers in the 
stages of an insect which has discrete generations with an annual 
life cycle, the results can be expressed in a variety of ways. The 
numbeis can be simply converted into percentages of the original 
number of egg^, but this underestimates the relative importance 
of mortalities acting towards the end of the life cycle. 

Using a few simple rules the results can be presented as a 
Life Table in which different mortality factors act in sequence 
on the successive developmental stages. If parasites or predators 
are an important cause of death, then life tables should be prepared 
for them also. From a parasite life table we estimate the parasite's 
searching efficiency — the area of discovery. 

When we put all that we have measured into a simple population 
model we can check if the population is stable and if so ^e level at 
which tiie population stabilizes. Changes in the constants put into 
the model will change the outcome. From as little as one complete 
life table we can begin to find how sensitive the level of population 
balance is to different mortality factors, which may affect parasite 
and host in different ways. Additional mortahty can either increase 
or decrease the level of balance, depending on the way it affects the 
fiEkctors which regulate the population. 

6.2 Introduction 

When we have counts within a generation of the changing numbers of 
an insect species in the field there are advantages in expressing the 
results in the form of a life table. The aim is to show the effects of 
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successive events in their natural order and to express their numerical 
effects in various convenient ways. 

In human demography the life table describes the survival of an 
imaginary cohort of individuals in relation to their age. This presenta- 
tion might be suited to insects with overlapping generations, but has 
been little used because an adequate oensna of mseots with overlapping 
generations is very laborious. 

With insects which have a single generation in the year, the census 
is simplified because age specific mortality is also seasonal. The census 
on which life tablfis.are to be based must count the living insects in 
sftmples of known size and should idea% count the numbers which die 
in each time interval and identify the causes of death. 

The biology of the insect limits the type of census which can be used 
andso determines the typeofmformation most readily obtained, and this 
affects the way in which the life tables are constructed. Diflforent census 
methods may have to be used for the egg, larval, pupal and adult 
stages. Indirect methods of counting by means of attractants or baited 
traps may provide a population index for a particular stage ; capture, 
mark, release and recapture methods give an indication both of popula- 
tion size and the survival rate of the active stage studied. This must be 
supplemented by details for other stages of development before a life 
table can be constructed. Two basically different sampling methods 
have jDroved specially useful, and they are discussed in this and the next 
chapter. 

6.3 Accumulative trapping 

The traps use the insect's own activity on a journey which each indivi- 
dual insect normally undertakes only once in its life history. The traps 
are set over a period of a few weeks so that all tiie insects, or a known 

prox>ortion of them, can be accumulated and counted from a known 

area as they reach the critical stage of development. The sum of the 
numbers entering the traps over the period is used directly to estimate 
the population density, and the figure is entered in the life table. Three 
tj^es of trap were used for the winter moth life table (see Chapter 7). 
They counted adult winter moths, fully grown larvae and adult parasites. 

6.4 A sequence of successive samples 

Counts of the insects in a series of equivalent samples taken over its 
life cyde are often the most convenient method for very abundant 
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inaeoto, if aooomnlative trapping is iinpsMtioaUe. Beferanoe to Fig. 1.1 
win remind you of t]i6 diffsraiOB boiwvbaD tk ocuiralftttiviA cnrv© whow 
properties are exploifted 1^ MOonralathrB trapping, and a populatioii 
oorve which is sampled at an instant of time. The sample may be from 
snoh miits as a measured length or weight of a tree branch as used by 
Morris (1963) in his study of the spruce budworm, which is examined 
further in Chapter 8. Alternatively the sample may be from a quadrat 
or other defined area. The results of samples are more informative and 
their analysis is simplified if the insects leave some durable record of 
their presence as do bark beetles, leaf miners and gall insects. When a 
predator or parasite kills a larva in a gall it may perhaps remain in the 
gall long enough to be counted, or specific traces of its fonner presence 
may remain in the gall after it has gone. 

The knapweed gall-fly {Urophora jaceana, Diptera, Trypetidae) is 
abundant in many parts of Europe and is especially easy to study in 
autumn and winter. At this time the dead flower-heads of the knap- 
weed, Ceniaurea nemorcUie — (Compositae), contain galls of different 
sizes. Some galls oontain only a single chamber or cell, and otlm may 
contain 10 cells or more, each of which must orignially have con- 
tained a larva of the gall-fly. By the end of the smmiiflir and through 
the following winter some gall cells may also oontain one or more of the 
difEierait paraaitee and predators. Table 6.1 lists the contents of some 
galls and separates them into different oalegones, whioh axe iUastnted 
in Fig. 6.1 (see also Varley 1947). 

We can treat such figures in many diffwent ways. In TaUe 6.2 
column 3 the number found in each category is expressed as a percen- 
tage of the total.* Because this does not take into account the order 
in wluoh events took place during the summeTy tills presentation is 
unhelpfol and indeed mlslffiading. The figures might be expressed as 
numbers per square metre; this enables us to make comparisons -with 
samples taken at other times of the year. To assess the importance of 
different types of mortality, however, we must anange the bkdogioal 
events in their correct sequence, and for this we need detailed knowledge 
of the life histories and biology of the insects concerned. 

63 The life history of the knapweed gall-fly 

The gall-fliea are active early in July and the female fly selects a small 

• The figures are given to the nearest tenth of a percent; the totetl so caloulated 
is therefore unlikely to be exactly 100 0. 
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floworlmd of CeiUamna nemoraUa and inserts a small group of eggs into 
the space between the florets and the bracts. The newly hatched larva 
enters a floret and bores down into the ovary which develops to form 
the gall. If two or more florets are galled they usually fuse into single 
structure with separate flask-shaped chambers (Fig. 6. 1 ) each containing 
a larva. By the end of the summer the gall is woody and the plump 
larvae remain head downwards with the black sclerotized posterior end 
plugging the exit to the gaU. In the following June, such larvae turn 
round to face the opening into the gall cell and undergo metamorphosis ; 
the colourless part of the larval cuticle turns brown and hardens to 
form a puparium, within which there is a complex process of pupation. 
Eventually an adult fly develops, emerges from the gall, stretches its 
wings and is ready to mate. The females then lay their eggs. 

Census studies through the summer show that a succession of para- 
sites and predators attaok the early stages of the gall-fly. In Table 6.1 
difiiBfrant ctvteigOirieB of gall oontents have alroady been ammged In 
sequence: 

1 The total number of gall-cells examined is put first beoauae the 
galls most be fonned by the plant before anything can happen to them. 

2 Some of the gall-oeUs were found to be empty with no sign of larval 
fisediog. The larva must have died at a Tery early stsge of growth. 

3 Dissection of the galley larvae during the sunmier showed that the 
Ghaldd parasite Surytoma tibiaUa pats its egg into the very smaU 
larva of the host. When the host gaU-fy larva is fully grown, the 
Surifloma larva (stfll very small) causes premature pupation in the 
host which forms a hard brown puparium whose contents the Ewfftoma 
larva soon entirely eats. 

4 Included in Ihis item are four diffiarent kinds of parasite larvae. 
They are easfly recognizable, and, with one exception, only one parasite 
Individual can mature on a fully grown gall-fly larva (see Fig. 6.1). The 
exception is Tetrastichue sp. B. which is a gregarious internal parasite. 

5 A small bright orange midge larva Lesiodiptosis (a Cecidomyid fly) 
is sometimes found in a gall cell with a dead gall-fly larva which it has 
killed and partly eaten. 

6 Gall-cells are frequently entered by caterpillars of three species of 
moth. These can complete their development in ungalled flower heads, 
but, if they find a gall, they eat its fleshy parts as well as any contained 
insect larvae. When the caterpillars have finished feeding, the gall cell 
contains nothing but frass and the previous history of its occupants 
cannot be directly reconstructed. The common caterpillars are; 
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Fig. 6.1 Contenta of knapweed galls listed in Table 6.1. 

1 Larva of gall-fly Urophora jaceana rests head downward. 

2 Gall oell empty — ^gall-fly larva died when very small. 

3 Gall-oell contains brown pupahum of gall-fly, now head upward. 
Inside is the leurva of Eurytoma tibialis (Rt) from which the black adult 
Eurytoma (above rt) would develop by July. 

4a Torymus cyanimua lays smooth eggs. The larva is active and 
hairy, here shown beside remains of host, on which are two egg shells. 
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Table 6.1 Knapweed gall census September-October 1935. 
Ckmtents of gall cells in 10 quadrats. The percentage column 
is related to the grand total of 906. 

Ntanbar Pweeniage 

1 Gall cells examined 906 

2 Empty cells — gall tissue 

noteatoi 19 2*1 

3 Lar\'a of Chalcid paraaite 
Eurytoma tibiattt m boat 

pupaiiam 349 38*6 

4 Miacellaaeous Chalcid 
parafldtea 

Hahroefflm dm/aku 46 

Eurytoma robuata 35 
TetraHiehus B 7 



109 12-0 

6 Predatory midge larva 

Lestodiploaia 3 0-3 

6 Gall cells destroyed by 
caterpillars of 

Euootma hohenwcuiiaina 103 11*4 

Metmariamttm&ruiOa 60 6*6 

7 Healthy larvae of gall-fly 

Uroplu)Ta iaottaia 273 30-2 

Totals 906 100 1 



4b Habrocyttu elevcUua lays groups of eggs which have a roug^ shell. 

The larva is shiny, almost hairless and inactive. 

4c Eurytoma robusta nriult and lar\'a very like £. tib^ialis, but the egg 
is black and the larva feeds externally. 

4d The gregarious larvae of Tetraatichus sp. B are found in a dead host 
larval skin. 

5 Leatodiftoaia is a small midge, whose predatory larva is brif^t 
orange in oolour. 

6 A caterpillar of Metzneria has destroyed the oontnits of two gall 

cells, and has formed a silken cocoon in one cell. 

7 A healthy gall-fly larvn and an adult female Vrophora Jttcmna. 
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(a) EueomahohenwarHanatWhicltkiiB^^ plantto pupatemthegroimd. 

(b) Mdgneria metanerkJla, wMcb passes the winter as a fbU gravm 

caterpillar in a cocoon in the flower head. 

(c) Euxardhis straminea, whose presence can be recognized by a hole it 
makes in the plant stem just under the flower head; thia widespread 
species did not appear in this particular census. 

7 The healthy larvae of the gaU-fly Urophora normally go into winter 
diapause and do not pupate until the late spring. 

6.6 The life table 

In ocmstraoting a life table fiom figures like those in Table 6. 1 a number 
of rules must be followed: 

Bule 1. Where events such as death from definable causes are reason- 
ably well separated in time, they are treated aa if they are entirely 

separated with no overlap. 
Mule 2, Where events overlap seriously in time, it may be convenient 

to consider them as if they acted exactly contemporaneously which 

we do with items 4 of Table 6. 1 . 
Rule 3. Any animal discovered must be considered either as alive and 

healthy or as certain to die or already dead from some cause. If a 

larva is already parasitized and host and parasite are ahve, the host 

is counted as certain to die. The parasite must be recorded as the 

cause of death. 

Mule 4. No animal can be killed more than once. If the host is succes- 
sively attacked by two parasites, the death of the host must be 
credited to the first parasite. If the second parasite is, in fact, the 
eventual victor it must be credited with the death of the first 
parasite. The second attack is entered in the life table of the parasite, 
but not that of the host. 

Only in this rigoroos but somewhat axbitraiy manner oan the aoooimts 
be balanced. 

When life tables for both tiie host and the parasttee are constraoted, 
some other firm assumptions must be made: 

Bule 6. Destruction of the contents of galls must be assumed to be 
random and to affect host and parasite equally unless there is con- 
trary evidence. If this assumption is not accurate, or if sampling 
errors affect the figures, then small or even considerable allowances 
must be made during the process of constructing life tables. 
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The justification for this complex process is that it condenses and 
summarizes the figures. The raw census fiirures for the gall-fly fiJI 250 
foolsoap pages. The life tables reduce this to a hundredth. The census 
figoBM alone do not reveal the biological processes that have operated 
and may mean remarkably little until interpreted. When suitably 
interpreted, the life table figures can be used for the construction of 
population modelB. In constructing the complete life table for the knap- 
weed gall-fly, 4 periods of the life history need separate oonsideFation. 

Period A tfidiy— Egg to gall formation. 

Period B Swnmer and Aviumn — GaU formation to the onset of winter. 
Period O Iffnler—Hibeination (diapause). 

Period D Spring and eaidg Summer — ^when Tarions paraaites, predators 
and weather oanse further changes before the flies emerge as adults. 

Accuracy in this type of census is inversely related to rates of change. 
The most accurate census is before the winter, at the end of Period B. 
Figures like those in Table 6.1 enable us to reconstruct tlie events in 
this period. The examination of galls in either Period R or C forms 
a good class exercise in which students can do the counting and assess 
the causes of death for themselves. 

We know that the events took place in the order in which they have 
been arranged in Table 6.1. 

1 The total number of gall-cells found in the 10 m^ represents the num- 
ber of larvae which formed galls. 

2 The number observed which died without feeding is 19. Howeyer, 
the fraction which died at this time is not 19/906 s 2*1 per cent because 
this event was not observable in the 153 oells damaged by caterpillars. 
The true fraction is 

1^ or 

ss 2'5 per cent 

906-163 ^ 

Assuming Rule 6 applies, the real number dying at this stage in the 906 
cells must have been 23. The caterpillars must have destroyed the 
evidence in about four cases in the 10 m^. 

3 Eurytoma tibialis lays eggs in the very small larvae of the gall-fly. 
If the host is subsequently destroyed by either caterpillars or by 
some ectoparasite, direct evidence of parasitization is lost. So the 
true percentage of parasitism by Eurytoma tibialis is 

349 

= 50 per cent 
349+273 ^ 
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and the estimated number originAUly praent in the 883 growing lame 
of tile host is 4d5, whioh is quite diflEerent from the number 349 observed. 
All trace of some 146 Eurf/Uma tibidUa must have been obliterated by 
the effects of other parasites and caterpillan in sections 4, 6 and 6 of 
TaUe 6.1. 

4 and 5 The misodlaneous paraaitee and the larvae of the midge 
LeMUploaia attack fully grown gall-fly larvae and so act contem- 
poraneously (Rule 2). The total number of cells containing these species 
was 112 and the presence or absence of successful attacks by these 
species was verifiable in 734 cdls. Hence the percentage of gall-fly 
larvae destroyed was 15 per cent, whioh is entered in column 3 of Table 
6.2. The number killed by these species, 58, is entered in column 5. 
It is far less than the total number of cells found containing these 
species, 112, because of Rule 4. We estimate that about half the gall-fly 
larvae attacked by these other parasites were already certain to die of 
some other cause. These miscellaneous parasites must be credited with 



TaUe 6J Knapweed gall-fly life table for Fferiod B baaed on Table 6.1 for 10 m*. 
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jfe.value 


Log 
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Gall Cells 










966 




1-967 


Larvae died 

young 


19 

753 


2-5 


0-976 


23 


833 


0011 


1*946 


Larvae 

parasitized by 

EuryUma 
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349 
622 


66 


0-44 


496 


387 


0*368 


1-688 


By 

miscellaneous 
panritee and 
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113 
734 


16 


0-86 


63 


329 


0070 
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Killed by 
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153 
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17 


0 S3 


56 


273 


0 082 
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the death of many Eurytoma tibialis and the proportion of records are 
transferred to the life table of that species. 

6 The three species of caterpillar commonly feed in the flower heads 
in summer and eat the fruits and usually destroy the contents of galls 
they encounter. Here 163 oells were found damaged and such damage 
was never obscured by other events, so the proportion of gall-fly larvae 
destroyed is taken to be 153/906 = 17 per oent, leaving 273 survivors. 

7 The number of healthy gall-fly larvae recorded in this sample fsom 
10 agrees exactly with this figure. 

6.7 Gorrecdn^ and completing the life table 

The method shown in Table 6.2 to derive a life table for Period B is 
satisfactory for a homogenous sample, but the quadrats sampled in 
October 1935 included only the fl.ower heads on the standing stems, and 
did not include galls which might have been detached from the stems. 
In fact, by the end of the summer many flower heads had already been 
nipped off by wood mice. The mean number of gall-cells found per 
square metre in standing flower heads in August was 148. The October 
sample in Table 6.1 and 6.2 had the mean already reduced to 91. By 
May and June of 1936, there was a further reduction to 57 gall-ceils 
per m2. Quadrats had been carefully searched for fallen galls, and many 
of the galls found on the ground had been opened by mice and the 
contents extracted. 

The basic figure for Section B of the corrected life table in Table 6.3 
is the initial number of gall-cells in the last line of Section A. The 
estimates for the jb-values and for the perwnlage mortality from different 
causes in Table 6.2 are valid and have been copied into Table 6.3 and 
are set in bold type. The other figures in Section B can be derived at 
once finom them. If you check them, you will find that because the 
percentages of mortality have been given only to two significant figures 
and the fc-values to three places of decimals the two calculations do not 
give precisely the same results. 

Period A 

Because the duration of the egg stage is less than the total period of 
oviposition, no census count of eggs represents the number of eggs laid 
per m^ in the season. The number of eggs laid can be obtained only 
indirectly from the fraction of eggs surviving to form galls and from the 
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Larvae dead 


27*6 


1*6 
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148 gaU-oeUs found per m'. Egg mortaliiy in 1935 appealed random 
within batobes of eggs and unoont to 9 per oent {k » 0*04). Comparing 
the frequenoy distribiition of eggs with tha^ of gaU-oeUa suggested that 
if this mortality of eggs and young larvae was random the change in 
the frequency distribution represented 29 per cent mortality {k — 0*15). 
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Because these act successively we can enter ib-values in column 5 of 0*04 
for infertility and 0-15 -0*04 = 0-11 for tiie larvae failing to form galls. 
Adding these ^•-values to the log of 148 (2*17) we obtain a logarithm of 
2'32, whose antilog, 209, is the number of eggs per m^. 

These eggs were laid by an estimated number of 6*9 adults per m^. 
The proportion of females in a large sample was 0-425, from which we 
estimate the number of eggs laid per female as 209/(6-9 x 0-425) = 71. 

An alternative way of showing these figures, which is more suitable 
if either the proportion of females or the egg production per female is 
variable, is to represent the proportion of females by its equivalent 
ifc-value. The log of 0-425 is T-628, so the A;-value is 0-372 (Chapter 1). 
Individual females sometimes laid over 200 egg^ If some arbitrary 
figure for the potential egg produotKm per female is adopted, which is 
alightly greater than any observed mean value, then any reduction 
in mean egg production can be expressed as a ib-value. If we take a 
figure of 200 for the potential egg production per female, then the 
differenoe between this and that whioh the flies appeased to lay (71) 
esn be expressed by i » 0*45. 

FeriodC 

Mioe and stormy weather progressively reduced the number of galls on 
the standing stems of knapweed during the winter. Careful searoh for 
galls on the ground as well as on the stems in Hay and June 1936 gave 
a mean value of 57 gsJl-oells per m^. This loss of 91 gaU-cells per m* 
from the 1 48 found in Period B is termed Srinter disappearanoe*. This is 
61-5 per cent loss, or I; « 0*415. Of those gslls found on the ground 
64 per cent of the oeUs had been opened from the base by mioe and the 
contents abstracted (ib = 0*444). Putting these j;-values into oolumn 5 
of Table 6.3 we Galoalate that the log of the population of gsll-fly larvae 
was 0*70, which repr ese n ts a population densily of 6*1 per m'. 

PeriodD 

In the early summer, the surviving gall-fly larvae, many now in galls 
which had fallen to the ground, pupate and eventually emerge as flies, 
leaving an empty puparium in the gall-cell as evidence of successful 
emergence. But throughout this period various Chalcid parasites like 
HabrocytiLS elevatus, Macroneura vesicularis and others attacked and 
laid eggs on the gall-fly and parasite larva in the few galls still on the 
standing stems. Then in July heavy rain flooded the census area. When 



Copyrighted material 



106 



Chapter 6 



the water receded numy larvae and pupae in fallen galls were evidently 
dead. The bold figures in oolumn 3 are an approximate representation 
of the nnmbos found wfaioh varied from sample to sample. The fignxes in 
the other oohimns are all derived by oakmlation from the figure of 5*9 
in oolumn 4 of Bniod^C. 

6.8 Life tables for the parasites 

Varley (1947) used the cenaus figures to derive life tables for the four major 
parasites. The methods are identical with those just used for the life 
table of the gall-fiy, and we will take the life table for Eurytoma tibiaUs 



Table 6.4 Corrected life tables Eurytoma tHriaUft a parasite of the knapweed 

gaU-fly. 
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as an example (Table 6.4). Tlio number of adults emerging in each 
generation was estimated (with some uncertainty) from the numbers of 
live pupao and pupal exuviae from which adults had recently emerged. 
In Table 6.3 the gall-fly larvae recorded parasitized by Eurytoina 
tibialis were 81 per m^, so this figure lias been transferred to column 4 
of Table 6.4. The number of eggs laid per female was calculated from the 
first two figure in column 4 and from the proportion of females. The 
attack by other parasites and by caterpillars, winter disappearance and 
damage by mice seemed likely to be indiscriminate. We therefore 
assume that these factors killed gall-fly larvae whether already parasi- 
tized or not and the bold figures m column 5 of Table 6.4 have been 
trooflferred here from the gall-fly life table; from them, all the other 
figures in Periods B and 0 can be derived, leaving an expected number 
of Ewytama alive after the winter as 7*0 per m^. The early spring 
census recofded (miy 4*6 live J!?tir:yftMna per m^leift These figures do not 
diffisr significantly because they are usually means for 10 m' samples 
with a high variance. But it is better to make a firm adjustment by 
introdudng the tenn 'missing' into the life table to cover what may be 
either a real difference in the incidence of some of the mortality factores, 
or a sampling error. 

6.9 Inferences from life table figures 

If you run your eye down column 5 of the life tables for the gall-fly 
and its parasite the biggest values appearing in both are in the 
winter Period C, where the two A- -values add up to 0-859. The /.'-values 
attached to predation by caterpillars and by birds are also fairly large, 
so that the total sum of the ib-values of indiscriminate mortality affect- 
ing both the gall-fly and its parasite amoimt to 1*1. This is equivalent to 
92 per cent mortality and only 8 per cent survival. The number drowned 
in floods is omitted as being unlikely to recur. 

Looking at the life table for the gall-fly, the effect of Eurytama 
HbiaUa appears small when compared to the efEect of this indisoriminate 
mortality. Varley (1947) used simple population models to see how 
indiscriminate mortality might alfect the population balance between 
host and parasite. First the area of discovery of the parasite was 
estimated from the formula 

P 
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(sB-amiigemMit of fonrala (4.4)) when 1^ is the ib-^alne of paradtiam 
on the' host and P b the parasite population deiurity. Using the values 
for kp in Table 6.3 and of jP in Table 6.4, the area of discovery of 
Ewrytoma tibialis is estimated at 0*4 m^. A second, perhaps less accurate, 
value for the area of diflcovery was estimated for the following year as 
0'2 m2. These estimates do not differ significantly and for the calcula- 
tions which follow it will be assumed that for a parasite population of 
2 per m2, the area of discovery is 0*3 m^. 

If we wish to speculate about the influence of indiscriminate mortality 
upon the interaction between the parasite and its host we need to make 
firm but plausible assumptions about parasite behaviour. Varley (1947) 
used Nicholson's theory with its assumption of a fixed area of discovery 
in a population model for the gall-fly. In Chapter 4 we saw that mutual 
interference between parasites could cause the area of discovery to 
decrease as psiiasite density increased. Figure 6.2a shows the exjieotod 
values of the area of discovery and of the killing power of the paraaite 
populatkn for different values of the mutual interference constant m. 
When m » 0 we have the Nioholson assumption, and with values of 
m « 0*3 and 0*5 we cover a range of values similar to those which httve 
been observed with other parasites. The values of the quest constant 
Q in Fig, 6.2a have been calculated so that for each assumed value of 
m the aiea of dia Q 0?er y equals the ohaerved value of 0-3 when the 
paraaite popuhrilon is 2. 

To find how the value of the mutual interference constant afieots 
the outcome, we use a population model and calculate the 'steady' 
densities of host and parasite when the host inoreaae is x 18 in eadh 
generation and the indisoiiminate mortalify of hosts surviving parasi- 
tism and of the parasite larvae axe both 90 per cent Host adult density 
Na u always tiie same eo after reproduction the host densHy will be 
182^^ and Ihe dsnsily befim the action of the 90 per cent indisoriniinate 
mortality must be 10^^. This can be represented by the following 
model: 

IndiicriiainAtd 

host adults V^'W'tec^yiSV^ w^nMma^ i^y^ awwUtttar^ 

IShnilarly, parasite adult densities P sre always the ssme and alter 
reproduction parasite density = 18^^-10^4 (the number of hosts 
destroyed). Also if the psrasites snffar 90 pv cent indiscriminate 
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indlacrlmlDate 



parasite adults P^^'^^ RVj » lO P p adults. 

Thus we have to oaloulate the oonditioiis under which 9Na " lOP. 

Table 6.5 shows the steady densities oaloalated using formula 
(4.12). 

' 2*3 



Mo<}els for seorching behaviour 
Eurrtoma tfdiafis 



_ m=0, ^*0*3 

*-/r»--0.3, =0-356 
_l 



log P 




Fl^. 6.3 

A Models for the searching behaviour of Eurfftoma tiMsU*. 

B Their efifecta on the host population. 

The point where the curves cross represents the observed value of the 
area of discovery of Eurytoma, which was 0-3 (log = 1-477) at a paraftito 
population of 2 (log = 0>3). 
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TwUbUrn 4J( Fbpuktun modeb for the knapweed gall-fly. 
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lertiee 


mortality 


density 


mortality 


density 


m 


Q 








Eurytoma Gall-fly 


0-0 


0*30 


•0% 


20 S'6 


0% 


0-7 0-67 


0*30 


0-366 


90% 


2-1 2-6 


0% 


20 1-2 


0*00 


0-40 


w% 


2-2 2-7 


0% 


62 3 1 



which is solved for P using the assumed values for Q and m and a value 
ofkp = log 1-8 SB 0-256,beoauseA;p is thediffereiiLoebetween the logarithms 
of the initial and final population after pararitiam, which aie in the 
ratio 18 : 10. 

When the indisorimjnate mortahty is 90 per cent the calculated 
steady density of JSuryUma and of its host the knapweed gaU-fiy is 
befcween 2 and 8 adults per m* in each case and there would be 46-^0 
gaU oeUs per m'. These figures compare well with census figures. We 
can speoolate abont the effect of the indisonminate mortality by finding 
the steady density in a model in whioh the indisonminate mortality 
is given a sero value, as in the right hand part of Table 6.5. If the 
pqpnlation is to be stable the parasite must now kill 17/18 of the gall- 
fly larvae so that hp - log 18 » 1*266 in e<iaation (4.12) so the parasite 
popidaticm must be hif^ than when kp «- 0*256. 

The way in which kp varies with parasite population is shown in 
Vig, 6.2b and values of P can either be read off the curves or calculated 
by solving the equation (4.12). 

The elimination of indiscriminate mortality leads to a new steady 
population density in which parasite populations are considerably 
raised; in comparison host densities are changed remarkably littte. 
With a mutual interference constant of 0*3 removal of the indiscriminate 
mortality reduces the gall-fly population from 2*6 to 1-2; with m = 0*5 
it ris^ somewhat from 2-7 to :m. Considering that we are estimating 
the effect of a 90 per cent mortality acting year after year the change in 
the steady density of the gall-fly is surprisingly small. 

The reason why the effect is so small is not that the population 
is stabilized by a density dependent factor but because the indiscrimi- 
nate mortahty has two antagonistic effects: by reducing the effective 
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nat ural increase of t he host it tends tu reduce its equilibrium population 
density, but by reducing the survival of the parasite it tends to inoreaae 
the population density of both parasite and host. The net outcome is a 
big diango in parasite density and a very small one in host density. 

6.10 Discussion 

A life table presents a simjile summary of population change within one 
generation and oaa reduce a very large body of oensus figures to a form 
which can be readily analysed. If life tables can also be prepared for 
parasites then population models can be used to see how other measured 
fiustors interact. The minimum essential information is an estimate of 
the population density of searching parasites and of the percentage 
of parasitism that they cause to one host generation. 

Jf the insect studied were a pest the likely effects of an insecticide 
programme could sunilarly be investigated. The effect of indiscriminate 
mortality might be very like that of an insectloide which killed equal 
proportions of the pest and its natural enemy. If an insecticide killed 
more than 17/18 of the pest in this model, then both pest and parasite 
would eventually be eliminated. The snag is that insecticide programmes 
are normally timed very accurately to fit some particular target pest and 
may fit other potential pests far less well. The insecticide may eliminate 
the effective natural enemy of a potential pest, leading to an unexpected 
outbreak. In current jargon these are termed 'side effects' but with 
simple life table data for a generation or two their prediction should 
be possible and they should be avoidable, at least in simple cases. 

The processes and interactions even between two species are too 
complex to follow without a population model. This chapter has 
introduced modelling in its simplest form. For overlapping generations 
the models would be more complex and we have not yet a realistic 
model for predators. But the models we have used in this chapter give 
considerable insight into population interactions, without requiring any 
more complex facilities for computation than a slide rule or log tables. 
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INTERPRETATION OF WINTER MOTH 

LIFE TABLES 



7.1 SynofMis 

From life tables for the winter moth we can identify the main 
cause of population change from year to yeai, which, we term the 
key factor. Density dependent mortality serves to regulate the 
population density and keeps it within limits. Suoh density depen- 
dent mortality may either act directly— like food limitation — or 
may adse tturough the behavionial responses of parasites and 
predators to their own and to their host's population densities. 

Population models which represent these efiFects reahstically 
enable us to see how the various components of the system interact 
with each other. By changing the various components in the model 
we can see how changed conditions in the £eld might a£[ect the 
population. 

7J2 Introduction 

In this chapter we outline the ways of analysing life table figures for 
the winter moth. This has proved an easy insect to study because it is 
very abundant and has an annual life-cycle with each stage concen- 
trated at a different time of year. The methods wiU be applicable to 
other animals with a restricted breeding season, and have indeed been 
adapted by workers to interpret census figures for birds such as partridge 
(Blank et at. 1967), owIb (Southern 1970), tits (Krebs IdTOa, b) and 
grouse (Watson 1971). 

73 Winter motii life history and the census 

Larvae of the winter moth are able to feed on a wide range of trees and 
shrubs, but they are especially abundant on oaks {Quercus robur), 
which they sometimes defoliate. Near the northern boundary of 

112 
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Wytham Wood, Berks, is a fairly large area where oak ia the pre- 
dominaiit largo troe. There we selected for study a place where ihme 
were over 20 large oaks but no other major trees. Outside the study area 
weie dense thiokets of blaekthom, quite a lot of haasl and a few birohes, 
some hawthorn and sallow, on all of which wmter moth oan fised* But 




JFMAMJJASOND 

Fig. 7.1 Adult female winter moth are ooanled in moth tnpm on the 
tree trunke, their larvae are counted in the oatecpillar trays into which 

they fall when prepupal. Larvae of the parasite Cyzenis are cotinted by 
diaseotion of the fallen caterpillars. Adults of Cyzenia and of Cratich- 
neumon are counted on emecgence from the soil into iho parasite 
traps. From Variey (1971). 

oaks provided the major canopy. From 1950 we restricted the census 
to the insects on or under five trees, although some general observations 
. were also made on other trees and bushes. The seasonal census routine 
and the life history of the winter moth and two of its main parasitee 
are illustrated diagramatioally in Fig. 7.1. 

Winter moth adults emerge from the soU under oak trees in November 
and December. At dusk the flightless females walk to the trees which 
they dimb. The winged males, which rest by day in the litter, fly 
actively at dusk and ooogregate on the lower part of tree tnmks. Here 
they mate with the females (Fig. 7.2) whioh continue to cHmb the trees 
to lay ^ggs in crevices in bark and lichen hif^ above th^ground. 
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One quarter of the females climbing each of the five trees were caught 
m traps like small lobster-pots made of fabric supported with wire. 
Two traps were placed on opposite sides of each tree, and each was 
arranged to obstruct one eighth of the perimeter of the tree. The total 
catch of females multiplied by four and divided by the total canopy 
area of the five trees (282 m^) gave an estimate of the number of females 



per m* of canopy aiea. The number of adaltB per m* was twioe this 
number because we knew there were equal numbers of make and 
females in the pupal stage. 

Femalee were dissected and, thou^^ a few had as many as 300 eggs, 
they contained on the average about 150 ^gga each. From this we 
estimated the number of eggs laid in each tree. We did not tiy to 
estimate the actual number laid because this would have entailed the 
destruction of the trees. 

When the oak buds axe beginning to open in early April the eggs 
hatdi and we find tJie first stage caterpillars feeding in the buds, where 
they do great damage to the tiny leaves. By the latter half of ]i£ay 
feeding is completed and the caterpillars spin down from the trees on 
silken threads, burrow into the soO, spin cocoons and pupate. 

We used two methods to study the caterj)illar8 feeding on oak. We 
took samples of twigs from the tree tops and counted the larvae on 
them ; this was the only way we could assess the changes in the numbers 




Fi^ 7J2 Winter moths mating at nii^t on 
ma oak trank in November. The female 
(above) haa very small wingB aodoannot Oy, 
From Varley (1971). 
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of those species which pupated amongst the leaves. For winter moth, 
and for many other species which pupate in the soil, cumulative 
trapping was feasible. We used two trays on the ground, each of 0-5 m 2, 
under each of the five trees. We allowed rain water to accumulate in 
the trays so that when the larvae spun down to pupate they drowned. 
These larvae were identified, examined for external parasites and 
dissected for internal pararitea. Ftom the figures we could assess the 
number of healthy fully grown larvae per and the number parasitised 
by each of the different kinds of parasite. 

The survival of the healthy winter moth pupae was known from the 
number of adults trapped the following winter. The survival of the 
parasites to the adult stage was estimated tcapa into which adult 
parasites emerged firom the ground. For this we used the same metal 
trays in which we had counted the oaterpillan, bat now ihej weie 
inverted and their edges pushed into the ground. In three of the comers 
of each trap were inserted c^asa tabes provided with celluloid cones whioih 
restdcted the return of the parasites into the dark interior of the trap. 
Experiments showed that an adult parssite inserted into one comer of a 
trap was attracted by the light and was soon recaptured at one of 
the other windows. Each trap again covered half a square metre so that 
the sum for 10 traps under the five trees gives the figure for 5 m^. 

Table 7.1 gives as an example the trapping results for some of the 
important species for the year 1955-56. These have been used in the 
construction of the life tables for winter moth and for one of its 
parasites, the tachinid fly Cyzenis (Tables 7.2 and 7.3). 

7.4 The components of the life table 

The life table is in three sectdons: the females counted in the moth 
traps in late 1955 number 413 and as the surveyed canopy area of the 
trees was 282 m' we arrive at the figure of 5-85 females emerging per m' 
of which tiiree-quarteffB, 4*89 per m^, by-paos the traps and lay their 
eggs on the trees. Multiplying the number of females per m^ by 150 
(eggs per female) gives the number of eggs per m^ as 058. 

7.4.1. WifUer disappearance 

The count of fully grown larvae was only 96-4 per m^ and the fe-value 
representing this loss {ki) is 0*84 ( = 86 per cent mortality). We call this 
loss winter dkappearanee although it represents the loss from all causes 
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Ttoble7.1 Thip x«mh« 1966-1066. 



No. of No. ofm' 



Number 



Number 
perm* 



1^ trunk neto 

Female inntor moth 
Nor.-Deo. 1066 
1066 

CbxMmd traps 



Adult 
m April 1066 
1066 

Adult ChxOkhneumon 
mJuly 1966 
1957 

OatevpiUar trays 

May \\m 
Healthy winter moth larvae 
Attacked by Cyzenia 
AttMifiBd by other paraatee 
Infbeted by Midoaporidiaa 



10 
10 



20 
SO 

10 
10 



10 



282 
282 



10 
10 

6 
6 



(1/4=) 413 
(l/4«> 626 



8 

3 

13 
67 



415 
81 
18 



6*86 
7*46 



0-8 
0-8 

2-6 
13-4 



830 
6-2 
2-6 
4-6 



befcween the count of females up to the count of fully grown larvae. 
We do not think that pfedation on the adult femaies by biida oanaea a 
high morteJity, and experiments showed that most eggs hatched when 
put on bark and twigs in the tree tops. Also, there were no obvious 
changes in the numbers of young and old larvae counted in the twig 
samples, so we do not think that mortality caused by predation on the 
feeding caterpillars is an important component of hi. 

However, the winter disappearance differed between trees in relation 
to the time of budburst, and was least on those trees which opened their 
buds early. Larvae which hatdied on trees whose buds were firmly 
closed mostly failed to find food there. Such larvae emigrate by spinning 
a length of aOk on which they are blown away from the trees. The 
number which disappeared from the trees was closely related to the 
numbers of first stage larvae nHiich were caught on sticky traps placed 
under and between trees. 



InterpretaUon of witUer motii life UMea 117 

Table 7.2 Life table for winter moth 1956-1966. 

Percentage Number Log no. 





of previous 


kUled 


No. alive 


alive 






stage killed 


per m* 


perm' 


per m* 


ft-value 


Adult stage 












9$ dimbing 1966 






4*39 






BSggitage 












fifix IfiO 






A68 

www 


9*82 




Larval stage 










0»84 = jfci 


Full grown larvae 




r)« 1 () 


96 4 


1-98 


0-03 = Jfc8 


Attacked by Cyzenii 


6-7 


6 2 


90-2 


1 96 


0*01:=ibs 


Attacked by other parasites 


2*3 


2 6 


87-6 


1-94 




Infected by Microuporidian 


4-5 


4 6 


83-0 


1-92 


0*02==ik4 


Pvqpal stage 










0*47-ft8 


Killed by pradBtoiB 


66* 1 


64-6 


S8'4 


1-46 




KiDed by Crafidkneiimon 


49*3 


13-4 


16*0 


1*18 





Adult stage 

$9 climbing trees 1956 7 -5 

The figures in heavy type are thoee actually measured. The rest of the life 
table is derived firom these. 

7.4.2 Larval mortality 

The dissection of fully grown larvae revealed the numbers which were 
certain to die because they were parasitizt d. Although quite a number 
of different parasites were recorded, it is convenient to treat two of 
the larval parasites separately and lump the others together. The total 
parasitism was usually less than 30 per cent and, therefore, it made little 
difference to the analysis whether the different kinds of parasitism 
were considered as overlapping (which was true) or as operating 
successively. This course was followed, even though a small error was 
introduced, because it oonveniently simplified the subsequent analysis. 

7.4.3. ParoBtHmn hy QyzeniB albioans 

This taohinid fly (Fig. 7.1) emerges into the panudte traps in April. The 
femaJes spend about four weeks feeding on sap fluxes and at flowers 
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whilst they mature as many as 2000 minute black ^gg9 which develop 
till ready to hatch and are stoted in a greatly expanded uterus. The eggs 
aie mostly laid on the leaves damaged by caterpillar feeding (Hassell 
1968) and, if lucky, are swallowed whde by a winter moth caterpillar. 

The larvae hatch from the egg in the fore-gut of the winter moth larvae, 
bore through the gut wall and enter a cell of the salivary (silk) gland. 
They were counted at this stage in the fully grown caterpillars when 
these were dissected. The iile table for Cyzenis (Table 7.3) shows the 



Table 73 Life table for Cyzenis 196&-1956. 





No. alive 
perm* 


Log no. 
alive 
per m* 


i-value 


Female adnlte emeiged 1966 


016 






Potential egiB (2000/$) 


300-0 


2-48 










1-60 


Larvae in winter moth 


6-2 


0-79 










1-31 


Adults emerged in 1956 


0-3 


T-48 





enormoua leas before this stage. Theae are the onea which remained 
mieaten or unlaid or thoae which were eaten by apedea other than 
winter moth, wbick would either fail to hatch or be killed aa amall 
larvae. 

7.4.4 (Hher parttntiam 

Parasitism of larvae by other tachinids and by some ichneumonids was 
much lower and the figures for these are lumped together in Tables 7.1 
and 7.2. 

7.4.5 FaraaUiam by a microsporidian 

The piotOKoan Plittoj^ora openphkrae ia a nucroaporidian diatantly 
related to the PtamnodUtm apeciea which cauae malaria in man. Infected 
oella are eaaily aeen in the aalivary glands; they are opaque and filled 
with apcnea and we tihmk that all infected larvae die before reaching the 
adult stage (Gauming 1 9 GO). The healthy winter moth larvae form cocoona 
and pupate. 
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7.4.6 Fupal mortality 

The deofiHy of healthy larvae was Ux more than twice the density 
of adult femaleB which were estimated later. At first we thought that 
only predatioii was involved, but experiments to find which predators 
were responsible showed that parasitism was also important. In experi- 
ments where pupae were exposed to predation, some were found to be 
parasitized by Cratichnewnon cidex, an abundant woodland ichneumonid 
which, up to this time, had not been recorded from the winter moth. 
However, we had counted the adults of Cratichneumon whicli emerged 
into the ground traps and, once we knew that it was a fairly specific 
parasite, we could estimate retrospectively its effects on the winter 
moth. The few Cratichneumon culex wliich have been reared from other 
species of host can be neglected. 

In measuring pupal mortality we only have a direct measurement 
of the difference between the count of healthy larvae entering the soil to 
pupate and the count of the adults on the tree trunks. Some of this 
mortality is caused by Cratichneumon and we take a minimum value for 
this based on the numbers of adult parasites emerging. The rest of the 
mortality we call pupal predation; this will be discussed later on. 

It k convenient to consider pupal mortality as if it was caused 
first by predation followed by parasitism ; although there must be some 
overlap between the two effects. Making this assumption has little 
effect on our assessment of the relative importance of predation and 
parasitism. In the absence of precise knowledge of the timing of events, 
the only other assumption we could have made is that parasitism 
takes pboe first and is then followed by an equal percentsge predation 
of both healthy and parasitized pupae. In most population models 
these alternative assumptions produce identical effects. 

If then we assume that Craiichneumon acts after predation is 
completed, we can fill in the other figures in the life table (Table 7.2). 
The 2;-value8 for predation a 0*47 ( 66 per cent mortality) and 
parasitism ib< « 0*27 ( » 46 per cent mortality) are quite large. 

73 The accumulation of life tables 

With only a single life table we can have no idea of how the different 
ib-values change with time; but, as we saw for the knapweed gall-fly, 
we can speculate about the possible interactions between mortality 
factors. 
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By the time we had eight oonseouUve life tables for the inaeot on 
our five oak tvees there were ohvioua ohangea in the ft-yalues firom year 
to year. Statistioal teats at this stage showed that some of the apparent 
relationships might have happened by chance, but further work usually 
confirmed them. We were dealing with a system in which the results 
were repeatable. 

7Jb The causes of popiilatton change 

Table F in the exercises at the end of the book gives a summary of the 
winter moth data up to 1968. The basic life table figures can be recon- 
structed from these figures and can be used in the suggested exercises. 
To simplify the following discussion and the graphical displays we will 
use only the figures for the first 13 generations. 

Figure 7.3a shows on a logarithmic scale the generation curves of 
larvae and adult winter moth from 1 950 to 1 962. Figure 7.3b summarizes 
the life table data for the same period. Because we have calculated the 
life tables as if each type of mortality acta in succession, the generation 
mortality is found from 

Graphs of these seven terms show at once what is the main cause of 
population change. The mortalities and are all small and changes 
in their values are insignificant when compared with those of ki, and 
kfi, and of these last three it is clear that change in ki mainly accounts 
for the changes in total mortality K ; both the amount and direction of 
ehange in ki and K aie very similar. From this we conclude that winter 
disappeaxanoe, which we measure as is the keif factor canHng papulO' 
lK»f» eAafi0«. Morns (1969) was the first to use the term key ^f^^ 
sense, hvA later in the same publication he also had another definition; 
the key factor was the one which was of most vae in predicting popula- 
Honehanife, This second definition was oonneoted to a particular kind of 
statistical analysis which we consider to be unsatisfactoiy because it 
does not necessarily reveal the cause of change; so we prefer to adopt 
Morris's first definition which implies direct causation. In praotioe there • 
may be periods when first one mortaHty and then another is the key 
HMStor, and we diall see examples of this in Chapters 8 and 9. 

The graphs in Fig. 7.3b give us four useful pieces of infonnation. 
(1) l^ter disappeairance, represented by ku ia the key factor mainly 
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Wtnlir molh populatforo and mortainy 




1950 1955 I960 

A Winter moth populatifln ohangee expreaaed as gcnarafcion ourvea for 

larvae and f<v adults. 

B Changes in the mortality, expressed as ^-values, show that the 
biggest contribution to change in tlie generation, mortality K omnes 
from changes in ki, the winter disappearance. 
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oatuing diaoges in population density from generation to generation. 

(2) kz, kz and which npraaent the Tarioue Idnds of larval pafaaitism, 
80 easy to dbaerve and meaaiiie, Taiy very litUe and axe lelatiTely 
unimportant. 

(3) Parasitism by CrcUichneumon cnUx, which was not measured directly 

by our census routine, is important and needs further study. 

(4) Pupal predation, represented by k^^ is important but changes in 
ways opposite to the changes in ky, so that changes in K are noticeably 
less than the changes in ki. This suggests that is compensating for 
changes brought about by ki\ we will examine this in more detail in the 
next section. 

This way of looking at census figures we call a key Jactor analysis. It 
shows how necessary it is to complete the life table by subtracting 
measured A: -values from the total to estimate residuals like ki and ^5. 
Their size is a measure of the extent to which the census fails to measure 
mortality directly. Many workers have found, as we did, that the 
zedduals are more important than many of the mortality factors which 
axe eaf^ to measure directly. Any analysis of incomplete life tables may 
be very misleading. 

7.7 The causes of population reguladon 

Much of the literature on this subject is confused because, as men- 
tioned in Chapter 6, the term 'control' has been used both for the 
process causing population change and for that causing population 
regulation. 

The only way in which a population might be regulated is by some 
negative feed-back process; for instance, by a denst^ d/^paidaU fiultor, 
Beaiing in mind the definitioii (Section 2.4) it seems logical to plot the 
percentage mortality against the population density when looking for 
densify relationships. In &ct we get a simpler rdationship by plotting 
the l;-valuee against the logarithm of the population densities on which 
they act ; this is a change of scales wbidi in no way afiects the definit^^ 
All the ib-valaes are plotted in this way in I^. 7.4. Winter disappeaimnce, 
represented hu diows a big vaiiatioa which is dearly not related to 
population density. Pupal predation, i^s, has an increasingly adverse 
effiMst as population density rises; it is api>arently a density dependent 
fiMStor but the points are scattered about the calculated reg re s s ion line. 

If we wish to know what confidence we can place in the regression 
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slope of 6 = 0-35 calculated in the routine statistical way we run into 
difficulties. One of these difficulties is that log N is used in the calcula- 
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Fig. 7.4 The A;-value8 for the different winter motii mortalitiee plotted 
against the pc^Milation danritiea on which they aeted. jfci and are 
density independent and vaiy quite a lot; kt and h% are density inde- 
pendent but are relatively constant; is weakly inveiaeiy densily 
dependent, and jbs is quite strongly density dependent. 

tion of the -value {k = log N — log S) so the two measurements are not 
independent and normal regression and correlation methods should not 
be used. A second difficulty is that simple regression and correlation 
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statistiGB requize that log N is measured without enor ; whereas we know 
that we have sampling emm in our measurements. Those who are 
interested in seeing how these difficulties may be oyercome, should do 
ezfifoise 8.2.5 at the end of the book. (See Varley & Gradwell 1963, and 
an example given by Luck 1971.) It is sufficient here to say that valid 
statistical tests have been applied to this data (Varley & Gradwell 1968) 
and that we are confident that pupal predation is density dependent 
and that its effect can be represented by the formula ^5 = 0-35 log N. 

When we tried to find wliat was causing the heavy mortality of 
winter moth pupae in the soil we put out pupae in the field under sheets 
of glass, suitably covered so that they were in the dark. We found, by 
frequent examination, that the carabid beetles Feronia modida and 
Abax parallelopipediis and the staphylinid FhilotUhus decams (Fig. 7.5) 




Feronia PNIoml^tS tItCOIVS 

modida 

Fi^ 7.5 Common predators of winter moth pnpao. Feronia is a ground 
beetle (Carabid) and Philonthus a rove beetle (Staphylinid). 

destroyed many of them. Frank (1967) concluded that these beetles 
caused more than half of the pupal predation. We also suspected that 
moles, mice and shrews probably fed on winter moth pupae, and Buek- 
ner (1969), who studied the behairiour of shrews in Wytham Wood, 
ooncluded that they were the cause of more than half the disappearance 
of winter moth pupae. Clearly both beetles and mammals are important, 
but we cannot yet be sure which kills most winter moth pupae*. How- 
ever, on theoretical grounds the it-value caused by a specific predator 
might be expected to appear as a delayed density dependent mortality : 

*B«8t (1074) Mid Kowttlaki ( 1 974) both found beetlm much more important than shrews. 



wuj^y lighted material 



IfikfprekAion of wi/nkir molA lift tables 126 



in which case the Ar-values plotted against log .V would be expected to 
show a circular or spiral graph when the A;-values are joined in a time 
series. In Fig. 7.6 the suooeesive points for are joined in sequence and 
do indeed show some signs of cycling. Shrews, which need to feed every 
day of ih6 year, cannot depend on winter motii pupae alone, but thqr 
may oonoentrate their effiirts in seeking them when the pupae ace 
common. Such a behavioural response from a fairly constant population 



Fig. 7.6 Values for plotted gainst the densities of winter moth 
larvae, with the points joined in a time series. The spiral form of the 
graph suggests that there is a delayed density dependent component 
to this mortality. 



of shrews might give a strong densily dependent effect. The cycling of 
is, however, more likely to be the result of changes in the numbers 
of beetles. l!he paraote traps in fact caught quite a lot of PMkmihM 
adulta, but figures graphed in Fig, 7.7 show little sign of a delayed 
ciiange in relation to winter moth numbers. 



The question whether parasites act as densit}^ dependent factors on 
winter moth is easily answered from Fig. 7.4. For neither Cyzenis nor 
Cratichneuynon is there any sign of a density dependent effect on the 
host. If these parasites had been the only cause of winter moth mortality 
the picture would probably have been different. Then they would have 
been key factors and would have been seen to act in a delayed 
density dependent way. With winter disappearance the key factor, 
their relatively smaUer effect is spread out over a wide range of host 
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Fig, 7.7 Obaerved densitiM of winter moth larvae and adults of its 

speoifio parasites CyzenU and Craitichneumon^ of the non- 
Lypha and of the predatoiy beetle PhUonthut. 



population densities and they respond to the changes in their host's 
densitieB rather than cause tiiem. 

Surprisingly, miscellaneous parasitism (A; 3) is an inyerse density 
dependent mortality with a weak slope of —0*03. The parasites oontri- 
bnting to this mortaJity ace not specific to winter moth and many of 
them probably have an alternate generation on some other host. One 
common parasite indnded here is the tachinid fly LyjM dubia whose 
parasitism of winter moth larvae on oak is clearly inversely density 
dependent. This parasite regularly attacks three other spedes of cater- 
pillar on oak a« weU as winter moth, but in the case of winter moth the 
parasite larvae are killed by the host's haemoojrtic defence mechanisms 
(Cheng 1970). The densities aSLjfpha adults emerging into the parasite 
tmps are plotted in Fig. 7.7 and show that the adult densities of Lypha 
are much more stable than those of Cyzenia or Crofidbieiimofi. The 
reason for this relatively greater stability is not known. However, 
Lypha produces a mudi smaller number of larger eggs than does CjftiaU$ 
and the relative stability of adult numbers and the inverse density 
dependent nature of the parasitism by this species may be connected 
with the low limit to the number of eggs which can be produced ; but 
it is. not fully understood. 



ItUerpntation of tvinter moth Itfe taUes 



127 



We were very surprised by the small effect which Cyzenis had on 
winter moth (fca). After our study began this specific and synchronized 
parasite was successfully introduced into Canada for the biological 
control of winter moth there and was remarkably effective (see Chapter 
9). Its small effect at Wytham is explained by the very hcav^^ mortality 
which it suffers whilst in its puparium in the ground. Table 7.3 shows 
that in 1966 Cyzenia pupae suffered a mortality oik—l'Z\ \ this repie- 
Bents a 98 per cent mortality suffered by Cyzenis between the time of 
entering the soil as a larva within the winter moth caterpillar and the 
time of emergence into the traps as an adult. This is much higher than 
that suffered by winter moth pupae due to predation {k^ Table 7.2) 
probably because Cyzenia pnparia remain in the ground for some four 
to five months longer than do the winter moth pupae» and so are 
exposed to predation for a longer time (HasseU 1969a). As well as 
safforing this pupal mortality we know that Cyzenis puparia are them- 
selves attacked by an ichneumonid parasite Phygadeuon dumetomm 
but we have been unable to assess how important this parasite is to tiie 
population dynamics of Cyzenia, 

For CraHehnemntm we have only a measure of adult density in each 
year whidi allows us to assess the minimum penmitage mortality 
of winter moth pupae which they cause. However, from these figures 
we ean estimate the area of disoovery for this parasite from formula 
(4.3). Similarly, we can use the densities of Cyzenis adults and the 
parasitism of winter moth larvae they cause to estimate the area of 
discovery of this parasite. For both species the areas of discovery a vary 
considerably from year to year and so do not support Nicholson's 
theoretical assumption that a is a constant. The quest theory of parasite 
action (Chapter 4) suggests that the area of discovery should decrease 
as the density of searching parasite adults increases, and regressions 
of log area of discovery against log adult parasite density for both 
Cyzp/nis and Cratichneumon show apparently significant negative 
linear slopes similar to those shown for other parasites in Fig. 4.8. 
However, once again we are in statistical difficulties. Area of discovery 
is calciilated from the formula 



and since P is used in the calculation of a the two measurements are not 
independent. A method for mA.lrmg a valid statistical test of this 




(formula 4.3) 
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nIttfeioiiBhip is given in exercise 8.2.6, and we will merely say here that 

the apparent mutual interference of these parasites remains unproven 
statistically. Nevertheless, it remains true that the inclusion of a mutual 
interference constant provide a better description of parasite behaviour 
than the assumption that the parasite's area of discovery is constant 
at the mean of the observed values. 

7.9 A populatton model lor winter moth 

The last column of Table 7.4 summarizes the likely properties of the 
different winter moth mortalities if each acted in isolation. When 
mortalities with such contrasting and opposing properties act in sequence 
the outcome must depend on their relative strengths, and we shall study 
their precise role in the population dynamics of the winter moth by 
using mathematical population models to represent their actions. How 

TttUe 7 A Fopobrtioii oomponente uaed in k^-ftetor aaalyaiB of winter moth 
life tables. Winter moth odnltB Na; eggs Nmt foil grown larvae Ni^; Uurvae 
■ urvivin gCifstent^ Nl^; surviving other insect parasites Nl^i surviving attadcby 
Mioro^xnidian Np^i Craiiehneumon culex adulta O. 
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simple can a model be without losing realism? Fig. 7.3b shows that the 
model must at least include re|)rpsentations of ^'i, k^, Icq. The main 
difficulty is that we lack a mathematical description of L'l. Since this 
key factor cannot be predicted, if we want the model to mimic the 
observed changes in the population during the period of study, we have 
to use the observed values of ki in the sequence in which they occurred. 

We could use the observed inverse density dependent relationship 
shown in Fig. 7.4 to calculate the mortality caused by miscellaneous 
parasites {k^), but for simplicity we add this mortality to that caused 
by the microsporidian {k4) and use the mean of the observed values as 
ft constant. These mortalities are so small that omittiDg them entixelj 
would have little effect on the model. 

Mortality due to ibs is modelled by the density dependent, linear 
relationship shown in Fig. 7.4. This is a simplifioation of the real 
lelationship. If we had more knowledge of the predators responsible, 
and had life tables for (hem, we would hope to be able to calculate 
fiom measurements of predator density. In the case of the beetles, we 
would hope to be able to model the way in which their densities would 
change. As it is, we are unable to mimic the delayed component of this 
mortality shown in Vig, 7.6, but use only the linear relationship. 

The caleulated mortalities caused by the specific parasites, k^ and 
ib«, are obtained fiom the relationships between adult parasite densities 
(P) and the estimated values for theor area of discovery a, which is then 
substituted in the formula 




(formula 4.4) 



For CraUehneumon the difference between the numbers of winter moth 

before and after this mortality gives the number of adult parasites in 
the next generation. But in the case of Cyzenia, we have also to calculate 
the eflFect of the density dependent mortality suffered by its pupae 
before we can calculate the number of adults which will emerge to 
attack the next winter moth generation. The general form of tiie model 
for winter moth and its parasites is shown in Table 7.5. 

The residts of such a model are shown in Fig. 7.8 together with the 
observed densities of winter moth and its parasites. This model started 
with the observed densities of winter moth larvae and of Cyzenis and 
CraJtichneuTnon adults in 1950 and the different mortalities acting on 
this generation were calculated using the appropriate sub-models in their 
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pgbt Older. At the end of this generation we caloalated the number of 
^ggB laid by tbe adnlt moths and this mm tiien rednoed by the ki yalne 
observed hi 1061. This oyde of oaloulations was repeated for each 
generation. Tbe adult parasite densities nsed snbseqiient to 1960 woe 
those oalonlated to have survived from the number of winter moth 
paiasitned In the previous generation. Thus ai^ enrars in the sub- 
models will aooumulate as we calculate more and more generations. 

We think that the model shown in Fig. 7.8 fits the observations 
quite well, and since the sub-models are based on relationships which 
have a biological aa weU as a mathematical meaning, we feel that we 
have gained quite a good understanding of the biology, ecology and 
population dynamics of the insects concerned. 

This model is based on the means of measurements made on five 
trees. But we know that both Cyzenis (Fig. 4.11) and Cratichneumon 
show behavioural responses to the different densities of winter moth 
larvae on these trees, and also to those which occur on other species of 
tree in the immediate vicinity. Although we can describe the behavioural 
responses of the parasites fairly simply, to introduce them in a popula- 
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tlon model involves complications. The host population must be sub- 
divided in some suitable way to re])resent the local concentrations on 
different kinds of tree, and from the behavioural response of the para- 
sites, their effects in each subdivision is separately calculated, before 
being summed to get the outcome in each generation. Varley & Gradwell 
(1971a} reported on a model of this type and we have studied many more 




1 950 1955 I960 1965 



Fig. 7.8 Observed diaogea in the densities of winter moth and its 
parasites (solid lines) plotted beside the densities of these qpedes as 
caleulated by a mathematioal model (broken lines). The method of 
caloulation of the model is shown in Table 7.5. 

Tariants since then. This has convinced us that the parasite responses to 
spatial changes in host density can account for much of the remaining 
discrepanoies between the obeerved populations and those calculated 
from the Ywy simple models used to prepare Fig, 7.8. 

7.10 Predlctioiis using the model 

The development of population models is not just an intellectual exer- 
cise. When formulated for a pest species the model can provide the basis 
for management decisions for biological or integrated control measures. 
By suitably altering the parameters in the sub-models we can check 
mathematically the consequences of applying additional mortaUties 
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to the pest spedes or to its jpanisites or predators and avoid those 
measures which have no e^ct on the pest, or an efifeot the opposite to 
that intended. This can essily happen; the different mortality factors 
interact with one another in ways which are too complicated to be 
predicted except by a mathematical model, as examples using the 
winter moth model will show. 




0«5 lO 1-5 O05 0-15 0-25 035 0-05 0-15 0-25 0-35 



Value of *, Slope of k^ Slope of ft Cyzenh hp 

Fig. 7.9 Changes in the calculated mean densities of winter moth 
and it s parasites as parameters of the model used to calculate Fig. 7.8 are 
changed. 

Figure 7.9 shows how the average densities of winter moth larvae 
and of adult Cyzenis and Cratichitewnum change as different parameters 
of the model are altered. If each year we used a chemical insecticide 
to kill either adults or eggs of winter moth, this would increase the 
average effect of ki and reduce the average density of winter moth 
larvae (Fig. 7.9a). Sticky bands to trap females and winter washes of 
insecticides to kill eggs are used to reduce winter moth larval popula- 
tions on fruit trees. Similaily, any measure which decreased the average 
value of ki would result in increased larval densities. We know that ki 
diffon between trees. Its high average value is probably because the 
wide scatter of bud opening times prevents the time of hatch of winter 
moth eggs from being selected for very precisely. If removal of some 
trees resulted in those remaining having very similar flushing times, the 
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average ki would almost certainly be reduced and the average winter 
moth population on these trees would be increased. The co-incidence 
of flushing times would also produce very similar winter moth larval 
densities on the trees. This, in turn, would reduce the stabilizing effect of 
the parasites' behavioural responses to different host densities and in 
oonaequfinoe the winter moth population densities would be leas stable 
than they are at preseiit. 

If chemical sprays were used regularly to kill feeding caterpillars 
this would have an effect similar to increasing and would also reduce 
the average larval density; and if Cyzenia and other larval parasites 
were also killed it would not matter because their present effect is so 
small. But if wash-off of these insecticides on to the soil killed CraUeh-' 
neumon or the predatoiy beetles, it would be quite a different matter. 
The remoYal of CraHehnewnon alone firom the model doubles the present 
average density of winter moth larvae, but the effect of removing the 
predators is more complex. "Fig, 7.9b shows that a reduction in the effect 
of predators by reducing the slope of Jbs, would slightty reduce the average 
winter moth density; this is not the sort of result one would expect 
jfrom the removal of a potential regulating factor. It occurs because the 
effidct of the jwedators is more than compensated for the increased 
density and eifootiveness of Crotkkneumim and, to a mncih smaUer 
extent, of Cyzmis, 

If, however, the predators are really responsible for much of the 
pupal mortality of Cyzenis, removal of predators combined with the 
removal of (^ratichneumon can lead to a great increase in the average 
winter moth density. Figure 7.9c shows that as the effect of predators 
on winter moth and Ci/zenis is reduced in the absence of Cratichneumon, 
winter moth and Cyzenis average densities increase until, with very weak 
slopes for and kp, there is a zone in which the populations of host and 
parasite sliow increasing oscillations as in Nicholson's theors'^. 

Before using this model in planning pest management we should like 
to be sure that the modcris prcdietions arc correct. But wc studied these 
populations in a nature reserve where manipulations of populations by 
the ^dde use of insecticides cannot be done. However, in Chapter 9 we 
show how the winter moth model can be altered to fit Canadian (condi- 
tions. This goes .some way to explaining the p()])nlation interaction in 
Canada. The fact that it does this can be taken in some small measure 
to support the validity of the model. 

This model for the winter moth has been based on some 13 years 
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data. You may feel that this is too long a time to spend on the study of a 
pest in the hope that it may eventually provide a proper basis for 
management decisions, because treatment of some sort will usually be 

needed at once. We suggest that a proper census shouUI be undertaken 
concurrently with a view to the production of hfe tables of the pest and 
its major parasites or predators, so that the cftects of the management 
programme can be followed. We do not know of any short cuts to an 
understanding. As you will see in the next chapter, many studies of 
important ])ests have in fact been continued for decades. With different 
planning these long term studies might have pro\ ided Hfe tables at little 
or no extra cost and have led to a much clearer- understanding of the 
reasons for pest outbreaks and lor the success or failure of attempts at 
management. 

In some projects it may be technically difficult to get the life 
table figures, but in other cases once the value of life tables is realized 
it will be easy to make plans to get the missing census figures. When the 
winter moth study began in 1949 many of the theoretical ideas had been 
proposed against which the data were eventually tested. Now that 
methods for the analysis of census data are becoming more firmly 
based, we can hope that more field studies will be planned w ith a view 
to the oonstruoticm and analysis of life tables. Only if this is done may 
ecology develop fiom a largely descriptive science into one which can 
take its place alongside the other exact, mathematical sciences. 
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POPULATION CHANGES OF SOME 
FOREST INSECTS 



8.1 Synopsis 

The numbers of some forest insects change dramatically from 
generation to generation. Ten-fold increase for three or even five 
generations may be followed by a similar decline in nmnbers. 
Some species have piedictable population peaks every nine or 10 
years and these cycles seem to be driven either by specific parasites 
or peodiaps hy some delayed compensatory change in tree physio- 
logy. Other insect qtedes have outbreaks only in stands of matnre 
or of young trees, which are killed. 

Bark beetles can overcome tree resistance only by aggregating. 
They can breed and enormously increase on a tree they have 
weakened or killed. This produces explosive pest outbreaks whose 
severity may be increased by the transmission of pathogens like 
the dutch elm disease. 

Both natural and cultivated forests are subject to devastation 
item, outbreaks of specific insect pests. The attack on a dominant 
tree species helps to maintain the diversity of natural forests. 

8 J Introduction 

Forest entomologists are leaders in attempting to understand and 
predict pest outbreaks. The natural and planted foreata they study 
often occupy extensive areas and persist without drastic change for 
much longer than do agricultural crops, and for forest insects they have 
accumulated more detailed records of long-term population changes 
than exist for any other animal populations. Pest outbreaks are often 
left to take their course because the use of insecticides may either be 
impracticable or uneconomic at the current price of timber. The 
regularity of some of the outbreaks is of great theoretical interest but 

186 
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the mterpietotkm of theee long-tenii records is atfll veiyiirach a matter 
for speculation. Thdr oomot lUMkntaiidiiig oould help to eBtablish 
pennanent oontrol of the pests, whioh would ha^e considerable economio 
coDseqiMncss. We shaQ describe here only some of the better documented 




Fl^. 8.1 Four moths whose larvae defoliate pines in Europe. The 
big hairy larvae of Dendrolimua are conspicuous. The leurvae uf the 
other three are green with wMte longitudinal stripes and are hard to see 
amnngBt the pine needke. 



examples to show the very different patterns of population change whioh 
they reveal. 

The jfirst detailed information on any species came from the Qerman 
Forest Servioe. Extensive planting of pines begsn as far back as the 
beginning of the 10th century and insect peste soon became important* 
enough for reooids to be kept. Schwerdtfeger (1935, 1941) published the 
back records of the population changes for four Idnds of moth ^diose 
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larvae feed on pine needles. The moths and their larvae are illustrated 
in Fig. 8.1. They are Panolis flammea, a Xoctuid, known to British 
collectors as the pine beauty; Ht/loicus pinastri, the pine hawk moth; 
Bupalus piiiiarus, a Geometrid moth known to collectors as the bordered 
white and to foresters as the pine loopcr and Dendrolimus pini, a Lasio- 
campid moth, not native to Britain, which is a relative of our oak 
eggar moth and has a similar laige haiiy caterpillar. All four species have 
one generation in the year. 

Schwerdtfeger plotted the numbers of larvae per of forest floor 
as a graph against time. Each species occasionally increased to such 
numbers that the trees wero defoHated and food shortage set some limit 
to their increase ; but some small outbreaks terminated without reaching 
defoliation level. The observed population changes were so large that we 
prefer to plot them on a logarithmic scale. To prevent the lines from 
iSKiBtang we have plotted eaoh species on its own scale in Fig. 8.2. All 




Fig. 8.2 The reeults of 60 successive census counts of moth pupete 
or, in the case of Dendrolimus, of hibernating larvae per of pine forest 
floor at Letzlingen, Germany. Data from Schwerdtfeger (1936, 1941). 
After Varley (1949). 
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four species were exceptionally abundant in 1888, but PanoUa had an 
ouibfeak in 1912 when tJie other three spedes were very scarce. In 1036 
and 1937 there was another outbreak in which three of the speoiee were 
very abundant, but figures for the pine hawk, HyUneva were not 
avaUable. 

Schwerdtfeger had no detailed life tables for any of the species but 
weather records had been kept and there was also a little information 
about parasites. He considered a number of possible explanations for 
the changes in numbers. First he rejected the idea that specific parasites 
were solely responsible for the ending of the outbreaks because many of 
the commonest parasites were not specific and were known to have 
alternate hosts on other food plants. Varley (1949) reviewed tliis study 
and compared Schwerdtfeger's figures with what would have been 
expected had Nicholson's theory correctly described parasite behaviour. 
The observed form of the generation curves in Fig. 8.2 differs from that 
we have seen in theoretical curves where parasitism is the key factor, 
such as Figs. 4.4, 4.6, 4.9, 4.10. The curve for Bupalus in Fig. 8.2 
resembles the regular theoretical cycles more closely than do the curves 
for the other three, but the peaks are unequal. Furthermore, the peaks 
and minima do not seem symmetrical about a fixed mean as are the 
theoretical curves. Secondly, Schwerdtfi^er considered that the popula- 
tion changes were far too great to be accounted for by weather changes; 
however, where population changes for a number of speces were synchro- 
nous, as in 1888 or 1 936, perhaps weather might have had some indirect 
influence in determining the favourability of some other factor. Thirdly, 
he found that overpopulation could not always explain the decline in 
numbers after an outbreak; many outbreaks declined whilst the popula- 
tion was still too small to have caused defoliation. Schwerdtfi^ger 
considered that an explanation must be in terms of the significant ports 
of the whole environment which he termed the 'GnuAossO/a**, but he did 
not suggest how we might explain the interactions of its parts. Since 
then a possible way to do this has been found through the analysis of life 
tables and the study of the properties of the population models which 
we can then construct. 

The population changes in the German pine forests do not seem to 
be random. Population densities increase for three, four or even five 

* Hie tenn *life lyvtem' which is used by dark tt ol. (1907) seems to have 
■imilaritiee in usagp to Sohwvdtf^er's QffadosQn. 
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consecutive years and the range of population change varies from two 
to five orders of magnitude. 

8.3 Population cycles 

A. BwpoHm |>ffiMirnw, the pine looper oaterpittar 

The figures for Bupalua show fairly regular peaks roughly every eight 
years. This species became the subject of a veiy detailed study by 

Generation curves for Bupo/us pi/iiar/us 
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Fl^ 83 Papae of the pine looper, BupaHu* puUariuf wen counted in 
■amplm of litter on the fidrast floor. The Knglinh figoree for <?Min*M*H 
end Bingwood represent the hlgheet count in any ooaqMrtnient» The 
figures for tho Veiuwe fotest in Holland ace avemgea. 

Klomp in Holland and there are estimates of numbers from Forestry 
Commission plantations in England (private communication), which are 
compared in Fig. 8.3. Although Cannock is in Stafibrdshire, Ringwood 
200 km south in Hampshire and the Veluwe Forest near Amhem is over 
500 km to the east, the range of population change in the three is 
similar, while the levels about which the changes take plaoe are veiy 
different. 
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Klomp (1966) haa published life tables for Bupahta for 1950-1905. 
The key factor causing population oliange was at first the Tadiinid fly 

Eucarcdia rutiUa but from 1964 the Ichneumonid wasp, Poedloatictus 
coihumaiua, seems to have been the key factor (pers. comm.). Klomp 
did not investigate the life tables of these parasites and he has not yet 
tested the completeness of his explanation with a population model. The 
changes shown in Fig. 8.3 are not inconsistent with the idea that 
parasites are an important cause of change. 

B. Malaicosoma disstria, the forest tent caterpillar, in 

North America (Figs. 8.4 & 8.5) 

The forest tent caterpillar is likely to defoliate aspens {Populus tremu- 
loides) and other trees in the USA every few years. In any one area, such 
as the State of Minnesota (Duncan & Hodson 1958) an outbreak begins 
locally, spreads like a devastating fire over a fairly large proportion of 
the state and diminishes again to negligible proportions (Fig. 8.4). The 
timing of the outbreak differs by a year or so from one place to another, 
but peak popnlatioM covered the biggest area in the three yean 1951- 
1953. Long term records of a less precise kind have been summarized 
by Hodson (1941) for 23 different areas of the American continent. The 
top half of Fig, S.5 plots the records for two areas in the east, for 
Minnesota in the centre and for western Canada from 1885 to 1940. 
In different places the peaks axe not in step, but the average Interval 
between peaks is dgbt to 12 yean depending on whether some of the 
smaller peaks are counted or not. Although these reports do not include 
actual numerical eatimatea, the popuIatioDa readied the obvknis limit, 
dsAiliaptkm of the trees. We oonaider that it is fxafy estabUshed that 
the forest tent catsipiUar populations change in a way that is oydio 
rather than landom. Witter, Kulmaa & Hodson (1072) have pnUkfaed 
life tables lor two successive generations during an outbresk. They found 
that 100-fdld increaae was possible, so that a ft-valne for the generation 
moftaliiy woukl be JT « 2*0 if the population was stable. Thqr found a 
figure of JT 2*245, and the population deelined to about half. The 
biggest li-valuea were 0*ff8 ( » 74 per cent mortality) for pupal paraaiftlBm 
by the paiaaitio fly Sarcophoffa MnM and h — 0*04 ( » 77 per cent 
mortality) fbr starvation of the late larvae combined witii adult emigra- 
tion. Bmtcophaga MrkM is known as a regular and feirly spedfie 
parasite of the forest tent caterpillar, and Hodson (1941) reported more 
than 99 per cent parasitism in some places in 1938. The adult flies are 
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strong fliers and Hodson often observed them as far as several miles 
from the nearest area infested by the host. Parasite emigration probably 
explains the synchronization of the ending of outbreaks over large areas. 




Fig. 8.4 The expansion and subsequent collapse of an outbreak of the 
forest tent caterpillar, Malacoaoma diaatria, in the State of Minnesota, 
USA. After Duncan «fe Hodson (1958). 



We know that the interaction between a specific parasite and its host 
may lead to population cycles of the right period — eight to 10 years — 
and it is tempting to suppose that these cycles are being driven by para- 
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sitism. The crucial test will be to compare the life tables for an increas- 
ing and a decreasing population, or if life tables are available for a whole 
cycle, find if mortality caused by the larva of Sarcophaga is the key 
factor. 

C. The larch tortrix moth Zeiraphera diniana (Fig. 8 . 5) 

This holarctic moth has particularly spectacular population outbreaks 
in the Engadine Valley in Switzerland. Within fairly narrow limits of 



Outbreak years for forest pests 

Forest tent coterpillor in Norttt America 




Fig. 8.5 

Above Years in which there were outbreaks of the forest tent cater- 
pillar, Malacoaoma dissiria in four parts of North America. Inset : the 
moth, two caterpillars and the fly Sarcophaga, a common parasite of the 
larvae. Data from Hodson (1941). 

Below Remarkably regular outbreaks of the Isurch tortrix, Zeiraphera 
diniana, in the Engadine Valley, Switzerland. Data from Baltensweiler 
(1964). Inset: the moth and its larva. 

altitude on the alpine slopes the larches are defoliated every few years. 
Baltensweiler (1964) has found records of outbreaks dating from 1854 
(Fig. 8.6) which are striking in their regularity. Baltensweiler (1968) 
and Auer (1968) have published detailed generation curves for the last 
two population cycles of this species. There are 10-fold rates of change 
per year during both the increasing and decreasing phases of each cycle. 
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If a single &otor drives the cycles of this moth then we know that 
its £-Talue must vaiy by 2 from one phase of the cyde to another. 
Aner provided some life table information which mduded figures for 
larval parasitism, but the ib-yalues obtuned from his fignres are nem 
more than 0*6. In seeking an explanation Aner nsed multiple regression 
methods but put only part of the life table figures into the regression 
analysis. When Varley & Gradwell (1970) inserted the missing figures 
(which were eaai^ estimated by subtraction) they found that it was in 
this unstudied part of the life table that the key factor lay. BahensweUer 
(1968) found that fecundity varied in response to changes in food quality 
when the trees were defoliated. We shall understand the nature of the 
forces driving the cycle only after more detailed work on mortality of 
all stages, including the eggs, young larvae, pupae and adults. 

D. Aderis variana, the black-headed bud worm, Tortricidae (Fig. 8.6) 

In the forests of New Brunswick, Morris (1959) studied this tortricid 
moth, whose larvae feed on both fir and spruce. His analysis of its popula- 
tions was one of the first which suggested that parasites were a cause of 
<^olic changes. Of course there is aa yet no agreement as to how many 
cycles must be observed and how regular they must be before the term 

Table 8.1 Census %ures for the black-headed budworm Aderis variana (Lep. 
Tortricidae) on fir and qwuoe in New Brungwiok. From MbiriB (1959). 

Generation 12 346 6 789 10 11 12 

Number per 

sq. ft. ftf 

foliage 22 112 633 226 12 3 1 3-3 31 160 237 300 183 

Percent 

pozBntinn 7 9 48 97 88 31 t 14 10 28 44 — 



should strictly be appUed. Morris published census figures for 12 genera- 
tiona of the larvae from 1946-1958 and measured also the percentsge of 
the larvae which were psrasitized (Table 8.1). 

Morris analysed the relation between the logarithm of the caterpillar 
population (log JVih-i) and the logarithm of the survivsl from psraattiBm 
in the previous generation (log 8%) which we peeler to express aa the 



Copyrighted material 



144 



Chapters 



ib-value, kp. He found a high correlation between them (r = 0-93). He 
claimed that the percentage of parasitism could be used to predict the 
next population and he regarded parasitism as a key factor. He found 
evidence that it was a delayed density dependent factor, because, when 



Btack-hMdtd biidworm 4e/er/s ¥ar/dno 




Generations 



Fig. 8.6 Key &etor analyve tat the black-headed budworm, Adsria 

vanianay in New Brunswick, Canada. Changes in the residual mortality 

kr provide a better explanation of the changes in the generation nuw- 
tality K than do measured changes in parasitism kp. Data from Morris 
(1959). Inset: the budwoim and two of the many forms of the poly* 
moiphic moth. 

he plotted log 8^^ agaJnat log Nn^ a line which joined the pointa In 
aeqnenoe formed a figure rather like that In Fig. 4.5 

This analyoB is not entirely satisfiBMytoiy beoauae Morris oonaidered 
only a part of the mortality— parasitiam— In hia oonelation. We need 
to estimate the residual mortality, hr which waa not meaaured dkeot]y» 
by sabstracting the ib-valne tcx paradtiam from the total K for the 
generation. The generation mortality from larva to larva, K\ tiie 
mortality^ caused by paraaitism hp and the residual kr are plotted in 
Fig. 8.6. Although the shape of the curve for kp has a peak in the right 
year, the value of the residual kr is the greater in all but two of the 
years; the residual mortality provides a better biological explanation 
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of the changes in the generation mortality K than does measured 
parasitism! Its nature remains unknown. 

E. Ckoristoneum fumiferana, the spmoe budworm (Fig. 8.7) 

Larvae of this Tortricid moth excavate the terminal and lateral buds 
of various conifers. Its population outbreaks in the Maritime Provinces 
of eastern Canada are less frequent than those of the larch tortrix moth 
but even more devastating because the trees aie killed. Blais (1966) 
found records of severe damage to white pines and other conifers in 
Quebec in 1704, 1748, 1808, 1834, 1910 and from 1947. For this latter 
outbreak we have a lot of information much of which is summarized by 
Morris (1963). When the 1947 outbreak had already killed the spruces 
and balsam firs in parts of New Brunswick it was realized ficom preyxras 
experience that unless something was done vast tracts of forest would 
bekiUed. 

In New Brunswick the original forest was a mixture of spruce and 
balsam fir with a scattering of birch. Beside the rivers were much larger 
white pines, whose valuable timber was exploited first partly because it 
was easy to float out down the waterways. Then, in this century, the 
spruces were increasingly taken to make paper. The balsam fir, whose 
resin interfered with the old pulping process, was rejected and left 
standing, so that the forest regenerated 'naturally' mainly as a mixture 
of balsam fir and birch. Then in the early 'forties the birches sufiered 
from 'dieback* and died over vast areas. Whether there is any causal 
connection between this reduction in diversity and the 1947 outbreak 
which followed we cannot be sure, but Vot^te (1946, 1964) showed that 
pest outbreaks in forests are usually less severe in mixed woodland of 
uneven age than in even-aged plantations. 

The Canadian Forest Service surveyed the pest problem from the 
air and from the ground. From the air, areaa of defoliation were easily 
distinguished by their brown colour from green healthy trees, but healthy 
trees had to be studied from the ground and sampled for eggs of the 
budworm to determine whether the district required insecticide treat- 
ment. A big scientific team did the counting and some hundreds of light 
aircraft flew from special airstrips throughout the forest to spray DDT 
on to the areas where trees were endangered. At the height of the spray 
programme in 1957 some 5-2 million acres were sprayed; this was only 
40 per cent of the total area known to be suifering damage. The DBT 
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1930 1940 1950 I960 



Fig. 8.7 

Above The observed changes in the numbers of the spruce budworm, 

Choriatoneura fumiferxma, and the changes calculated using formula 8.1. 

Note the different scales for observed and oaloulated. 

Middle The caleulsted numbers on an artthmetio scale. 

Bottom The changes in mean temperature used in the calculations. 

Data firom Mbtris (1903). Inset: the budworm and adults of 

O.Jumfmma. 

killed enough of tiie budwonn to keep the trees alive, but seems to have 

oontribnted little to bringing the outbreak to an end. It was only when 
budworm populations in the unsprayed areas were seen to be collapsing 
from some natural causes that spraying could be ended. 

Morris (1963) reported on the population dynamics of the spruce 
budworm. For many areas he had life tables but, as in the work on its 
relative in the Engadiiie, parasites were not studied in enough detail 
to produce life tables for them. So an interpretation on the lines we 
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used for the winter moth was not possible and regression methods were 
used instead, on the assumption that important population changes 
from year to year, 'although affected by man^^ factors, may be essentially 
determined by a few "key" factors'. Sub-models were built up step by 
step for the survival in each age interval and the variance bet ween the 
outcome of the model and observation was checked at each stage. 

Morris did not in fact use these sub -models in his final 'predictive 
equation' which was based on key-faotor analysis over the whole life 
(^de. He found that the simple equation whioh best fitted the data was 

log iV^n+l = 0-98 -H 0-76 log .Y„ + 018 (rmax-66-5) (8.1) 

In this equation the 0*08 lepresents the reproductive increase of the 
population N which is almost 10-foId. When this is added to log Nn 
the sum represents the number of ofibpring* The next term in effect 
includes a density dependent factor k = 0'24 log Nn subtracted from 
log Nn» This is similar to our representation of ibs s 0-36 log Nn for 
pupal predation of winter moth in Chapter 7. The last term includes 
the mean daily maximum temperature in degrees Fahrenheit TmMx I and 
shows that the logarithmic increase rises with mean temperature, 
the population doubling or halving depending on whether Tnax rises or 
&11S by 1-7^. 

liforris found that this equation explained 68 per cent of the variance 
In the population, whidi he regarded as surprisingly high in view of the 
other sources of variation in the data. However, when the outcome of 
this formula is compared with the census figures in Fig. 8.7 the discrep- 
ancies seem considerable. The predicted population peak is in 1948, 
with a second maximum half its size in 1950. Observations showed a 
peak in 1950 but the largest one in 1954. The observed population 
increase was some four years later than that predicted by equation (8.1) 
and the fall about a year later. These discrepancies are larger than those 
between the winter moth model and the observed values (Fig. 7.8). Both 
models use one observed figure each year, Tm&x in equation (8.1 ) and ki 
as observed in the winter moth model, so the models are comparabiein 
this. We shall consider these methods further in the discussion. 



8.4 Introduced Forest Pests 

With the deliberate intnxluction of ornamental and economic forest 
and fruit trees a number of pests have been introduced into areas where 
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they have found climatic oonditions to their liking and where native trees 
have provided food. We will mention only a few instances here. Another 
— ^the winter moth in Nova Scotia — is referred to in the last chapter. 

The Gipsy Moth (Lymantria diapar L. (Lep. Lymantriidae)) was 
introduced accidentally into the United States about 1868 and rapidly 
increased to plague proportions, causing defoliation of the shade trees 
in many cities of eastern USA. Campbell (1967) provides an explanation 
of the population changes, but his census for the parasites (many of which 
have been introduced in the hope of achieving biological control of the 
pest) is not detBkiled enough to enable him to model their activities in a 
realistic way. 

The European pine saw-fly, Neodiprion sertifer (Hym. Tenthredini- 
dae) is a serious pest in Europe, particularly of young trees in planta- 
tioDS. Smoe its acoidBiital introduction into North America it has 
beoome equally serious in its attach on native pines in the north-east 
and is still extending its range there. A nndear polyhedrosis virus, 
first found in Sweden, has been artificially spread to eombat this pest. 
This can cause high mortality of saw-fly larvae whenever high popula- 
tions of this speoieB are damaging young trees. 

MaUneoecuB feytaudi (Hemiptera, Coccidae) is a minute scale insect, 
discovered as a new species infesting the bark of the maritime pine, 
Pinna pinaster, the dominant finest tree of the Manies in Southern 
France. Its origin is unknown, but it might have been introduced with 
the many exotic conifers grown in estates and gardens. Its efifoct on 
the maritime pine is devastating. Large areas, once dominated by the 
pine, are now transformed into oak forest— the oaks being previous^' 
snb^ominants. It is not the scale insect alone which produces the effect; 
the scale weakens the trees which are then susceptible to the effects of 
baik beetles, which comiflete the destruction (Schvester 1971). 



8^ Pests which aggregate 

Bark beetles are notorious because of the severity aii^ localization of 
their damage. Many species damage the trees in piro quite different 
ways: first the immature beetles feed on twigs and foliage. The tree has 
no special resistance to this kind of damage and is weakened physio- 
logically if the damage is extensive. Second the female beetles excavate 
maternal galleries in the cambium layer of the trunk and larger branches 
and lay their eggs there. Healthy trees flood these galleries with sap or 
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resin and the attack fails, but if the tree is weakened physiologically by 
damage of the first kind, or by unfavourable weather conditions, then 
it is unable to resist being overwhelmed by the breeding beetles. Trees 
which have been blown down by the wind or trees stacked at saw mills 
before being sawn up, aro readily oolonized and the resulting populfttions 
of adult beetles may in the next generation feed on normal trees nearby 
and weaken them until they are also suitable for maternal galleries. 
Beaver (1966) studied the dynamics of the elm bark beetle Scolytus 
scolytus in billets of timber and to describe the survival used graphs in a 
new way which partly overcame the difficulty of describiiig what happens 
in overlapping generations of the beetle larvae. 

The Western pine beetle Dendroctonus brevicomis has well developed 
powers of aggiegfttion. The females produce a phesomone, frontalin, 
whose scent is attractive to other males and females, so they can 
concentrate their attack on one tree; then the weakened tree becomes 
the focus for an explosive local outbreak, which can spread to other 
trees and kOl them (McNew 1971). 

For such insects the mean population density has little meaning. 
It 18 the concentration on each tree which matters and the effect depends 
(HI the tree's physiological responses to other environmental fetctors. 

8.6 The transmission of pathogens by insects to trees 

Insects can interact with trees by transmitting parasitic fungi or \ ii us 
diseases. The dutch elm disease, caused now bv a virulent strain of the 
fungus Ceratocystis ulmi, has suddenly increased in parts of kSoutliern 
England where, by 1972, a large proportion of the native elms in hedge- 
rows and woodlands had been killed. It is spread from tree to tree by 
adult bark beetles of the genus Scolytus, which breed very successfully 
in newly dead or dying trees, from which the emerging adults can 
readily carry the infection to healthy trees nearby. This explains the 
catastrophic contagious spread of the disease. 

Siricid wood wasps also transmit the spores of specilic pathogenic 
fungi which they store in a special organ associated with the ovipositor. 
The larvae feed on the mycelium. The Alder Woodwasp, Xiphidrin 
camelus, transmits the fungus /)aW»«ja to alders. Thompson k Skinner 
(1960) have provided an excellent film of the life history of Xiphidria 
and of three kinds of hymenopterous parasite and hyperparasite. The 
wood wasp, UroeeruSf transmits 8tereum sanguinoUntum to spruces and 
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has beoome a serious pest in Australia. Its population dynamics and the 
possibility of bidogici^ control are currently being studied. 

8.7 Discussion 

The conclusions from this chapter are often tentative because of 
inadequate census figures, but clearly we are not studying one single 
phenomenon for which a single explanation will eventually prevail. 
The local outbreaks of the bark beetles tend to spread from some focus, 
which may be some wind blown trees, or a pile of cut logs beside a saw- 
mill. In the case of the western pine beetle these effects, though present, 
are overshadowed by the ability of the insect to aggregate by means of 
pheromones. In all these cases the infestation spreads very rapidly 
because at an early stage the local aggregation of the insects turns the 
excess of protected food into a usable resource. In effect these changes 
in the usable food supply acts as an inverse density dependent factor 
which is also the key factor. The food supply is soon exhausted and the 
next generation moves on elsewiiere. 

For species which show cyclic i)opulation changes, like the pine 
looper, larch tortrix, forest tent caterpillar and black-headed budworm, 
the factor driving the cycles must be a delayed density dependent factor. 
Parasites could act in this way, but when you have answered question 
8.2.1(a) you will see that what might well be cyclic changes in the 
winter moth population were caused by some component of ki, the 
winter moth disappearance; the evidence was against parasitism 
playing any signifiosnt part in this. There is suggestive evidence that 
the cydes in the forest tent caterpillar are driven by Saireopha(fa but 
this does not yet amount to proof. That parasitism {days a part in the 
cycling of the larch tortrix in the Engadine and the black-headed bud- 
worm in New Brunswick is proven but what really drives the cycles 
is unknown. In all case s the observed parasitism is correlated with the 
change in the generation mortality, but the i>ar«sitism measured is 
insufficient to be the major cause of change. Either there is some 
unmeasured pupal parssitism or predation, or the cycle might be driven 
by changes in tree physiology. White (1969) considers that 'stress* may 
have important effects on tree physiology. This stress can arise either 
from insect damage or from unfavourable weather conditions such a8 
summer drought or winter flooding. To provide an explanation for the 
regular cycle of changes in the insect populations the physiological 
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change in the tree would have to persist for more than a year after the 
stress which originally caused it. We shall understand tliese interactions 
only when stress is studied experimentally and changes in plant physio- 
logy, such as the nutrient content of the tree sap, are measured and 
correlated with changes in inaeot growth or survival. 

When we think back over the examples of field studies in the last 
few chapters, none offers an explanation of population change or popula- 
tion level which is entirely satisfying, but we have made a beginning. 
We understand some of the complex interplay between field populations 
of insects, thdr panudtee, predators and the weather. The progress 
made in these very different studies has depended very much on the 
amount of detail provided by the census method chosen. For winter 
moth and some of its parasites we had two counts in each generation 
so the life tables could be completed with two residuals — ki and k^. 
However, we have failed to model the observed changes in ki which we 
expected might be influenced by weather conditions. Our sub-model 
for predation {kf) is over-dmple, but we had no good census figures for 
the predators concerned except during a brief period (Frank 1967, 
Budkner 1969). Nevertheless in spite of the simplifications and omis- 
sions involved the outcome of the model fitted observation rather well. 
For ike spruce budworm Morris had partial life tables based on one 
count in the ywr from many localites but apparently had no con- 
tinuous set of complete life tables from one place. Without any measure- 
ment of parasite survival, life tables for the parasites could not be 
constructed. We suspect that the lack of any representation of the effects 
of parasites may be the reason for the rather poor fit of Morris's model 
to the census counts, because the precise way in which the effect of 
parasites is introduced into a model makes a big difference to the out- 
come. At an early stage in modelling winter moth we contrasted three 
models, one in which the parasite was given an area of discovery equal 
to the mean value observed, one model with half and one with twice this 
value (Varley & Gradwell 1968). The extent of population change in the 
winter moth was very different in these models and a model without 
parasitism fitted very poorly indeed. We consider that it is extremely 
important to tind ways to measure the effects of parasites an(i predators, 
and to get life table information for them (Varley & Gradwell 1971b). 

We have seen that very different kinds of analysis have been used to 
explain the causes of population change and of population density. 
Here we do not wish to go fSu: into the statistical jungle which has 
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grown up in thk oontroveraial field, but we feel that we must mention 
some of the bade difficulties. 

One of the methods which has often been used is multiple regression, 
for which the basic formula can be written 

F»6o+6ia;i+6flX8+6aiPs+ . . . (8.2) 

where the x terms are independent variables and the b terms are con- 
stants. The method was devised by R.A.Fisher to quantify the additive 
effects of combinations of fertihzers on the yield 7 of a crop. He ah^ady 
knew that the effects were linear and additive. It is now sometimes used 
for a very different purpose — to discover if either population density or 
population change is correlated with any measurements wiiich may be 
available to serve as independent variables. 

It is important to realize that this technique is a means of getting a 
predictive equation. Whether or not the equation is useful will depend 
upon the accuracy with which it predicts. It is tu^ a method that is 
likely to discover what particular biological mechanisms operate. Its 
use for this purpose may lead to erroneous conclusions. We have seen 
how Davidson & Andrewartha (1948a, b) and Auer (1968) both used 
mtiltiple regression methods and both overlooked the biological import- 
ance of major mortalities. Other difficulties in the use of multiple regres- 
sion to predict population density or change arise if there are any inter- 
actions between the independent variables or if the diffesrent tenns are 
not additive. Principal component analysis may be used to overcome 
some of these difficulties, but the problem is too complaz for na to 
define any precise rules hero about what methods should be used on 
field data. 

We feel a more biological approach is to use as the basic formula for 
population change from one generatioa to the next: 

log = log i^.+log i'-iC. (8.3) 

and 

^'n = *i + *a + *3 + A;4+A;5+*6 (8.4) 

where ibi etc are ib-values referring to generation n, is the genenition 
mortality of generation n» and F the rate of increase. The graphical key 
factor analysis of Vadey ft Qradwell makes use of formula (8.4) whidi 
is a valid representation because the ib-values have been calculated 
assuming that they add up to K, 
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If biologically realistic models for the individual ^-values can be 
developed, then the combination of formulae (<S.3) and (8.4) will give a 
population model which will predict both population change and popula- 
tion density; and at the same time provide an explanation for the 
population change and for the population level. As we said in Chapter 7, 
such models are the only ones likely to be of use when attempting to 
make decisions on pest management. 

Ideally the research workers should plan methods in relation to the 
statistical or graphical methods they intend to employ in the analysis of 
their results. We suggest strongly that they should test these methods 
and tiy them first on a deterministic model which matches as well as 
possibto the kind of system which they imagine they are investigating 
in the field. Lnck (1971) used this approach in comparing methods of 
testing for density dependency and further tests can be made on the 
figures we give in the exercises for Chapters 7 and 8. 
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9.1 Synopsis 

The classic examples of biological control are the introduction of a 
predatory beetle and a parasitic fly from Australia into California 
to combat the ravages of the cottony cushion scale on Citrus and 
the importation from S. America to Australia of a moth to destioy 
the aggressiye cactus, Opuntia, In these and many other sucoessM 
projects an introduced species of pest or a weed had become fax 
commoner than in its native home. The abundance of the pest is 
permanently reduced by adding one extra link to the food chain. 

Many introductions have failed ; sometimes this is because the 
introduced beneficial species could not stand the climate, sometimes 
because its life history failed to synchronize with that of the pest. 
Successes have been more frequent with pests of orchard and tree 
crops than with agricultural crops. 

The winter moth was introduced into Eastern CSanada and 
became a pest, but the importation and liberation of the parasitic 
fly Cyzenis from Europe has now reduced its numbers to a low level, 
so that trees are no longer defoliated. The changes in numbers of 
both pest and parasites were recorded. By combining with the 
Canadian observations the new theoretical ideas from Chapter 4 
and the information about winter moth and its parasites in England 
in Chapter 7, we have been able to find a mathematical model 
which imitates the observed events quite well. 

Recent trends in biological control seek to exploit our under^ 
standing of the factors limiting the efficiency of beneficial insects 
and improve their performance by proper management. Manage- 
ment programmes will be easier to devise if the complex 
interactions which are involved can be adequately described by 
a mathematical model. 

154 
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9.2 Introduction 

Jn this final chapter we shall ooDaider tiie praotioal application of some 
of the ideas introduced in the previous chapters, that is, the use of 
natural enemies in pest control. The object of pest control is to reduce 
the numbers of pests presmt and hence the damage they cause, formally 
this will increase the profit on the crop in question, unless the costs of 
tlieae control measures are greater than the resulting benefits. Clearly the 
term 'control' in this applied sense is rather looeely used. It is not synony- 
mous with 'regulation' ; an insect population may be no more stable 
after successful control than previously when of pest status. For example, 
a pest population may fluctuate between 10 and 1000 individuals per 
unit area prior to its control and between 1 and 100 per unit area after- 
wards. With 100-fold changes in each case, the stability of this population 
has not changed, only the level about which the fluctuations occur. 

The potential of biological methods in pest control is immense. 
All major pests are attacked by a variety of natural enemies and these 
may be used as a primary means of control or as part of an integrated 
control programme. It is the aim of biological control to manipulate 
these natural enemies (parasites, predators and pathogens) in an 
attempt to reduce the pest numbers and keep them at much reduced 
levels. The 'manipulation' usually involves the introduction of natural 
enemies into a region where they previously did not exist to counter 
accidentally introduced pests of introduced crops. A typical 'classical' 
biological control programme of this kind involves the introduction of 
relatively few individuals of a species of parasite (or predator), to 
control a very abundant host. If the introduction is successful, the 
parasite population will increase rapidly causing increasing percentages 
of hosts to be parasitized. This in turn leads to a decline in the host 
population and a subsequent decrease in the paiasite population. 
Ideally, both host and parasite should then co-exist in a relatively stable 
interaction at very much reduced population densities. Apart from this 
use of exoHc natural enemies there is now also very interesting work 
being done to try to improve the efficiency of indigenoua natural 
enemies in controlling pest populations (see below). 

93 Successful control of pests and vreeds 

The first and most famous example of biological control was the control of 
a citrus pest, the cottony cushion scale (leerya purehan) by a coccinellid 
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beetle, Rodolia {=Vedalia) cardinalis (Fig. 9.1a). The cottony 
cushion scale is native to Australia where its original food plants were 
various native acacias and other trees from which it later spread to the 




Fig. 9.1 Some successful agents of biological control. 

A The ladybird beetle Rodolia and its larva which feed on a citrus 

pest, the cottony cushion scale insect Icerya. 

B The chrysomelid beetle Chrysolina and its larva both eat the Per- 
forate St John's wort Hypericum. 

G The moth Cactobkutia whose caterpillars feed on the prickly pear 
cacti OpufUia. 

introduced Citrus. During the later parts of the 19th century, citrus 
plants were imported into California from Australia, and with the citrus 
came the cottony cushion scale without its normal complement of 
natural enemies. The scale insects thrived in the Califomian climate and 
by 1887 had become a threat to the whole of the newly-founded citrus 
industry. The United States Department of Agriculture then arranged 
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that Albert Koebele should visit AustraHa to seek the natural enemies 
of I eery a in a region where it does not have pest status. He discovered 
that the scale in Australia and New Zealand is attacked hy a variety of 
beetles, flies and Hymenoptera (Koebele 1890). Two of these, a parasitic 
fly, Cryptochaetum icerffoe, and the vedalia beetle {Bodolta) were 
liberated in California in areas where the scale insects were already veiy 
numerous. Both species became established, but in most areas the 
beetles were the more successful of the two. The female beetles lay large 
numbeiB of eggs beside and under scales. The larvae then feed avidly 
on the scale insect eggs, or on other stages up to the adult, and com- 
plete their developmeat in as little as 30 days. From over 500 beetles 
liberated in 1889 on heavily infested trees in CsJifomia, the spread was 
so rapid that soon the cottony cushion scale as a pest was but a memory. 
Both species still exist in Southern California, but at extremely low 
levels of abundance. Serious outbreaks of cottony cushion scale now 
occur only where insecticides have been used against other citrus pests 
such as the oitricola scale. The insecticide eliminates the SodoUa 
beetles, and the cottony cushion scale can then increase enough to 
harm the trees. 

Most cases of successful biological control have followed a similar 
pattern. 

1 The search for natural enemies in the country of origin of the pest, 
especially in climatic zones similar to the planned liberation point. 

2 The importation of one or more of these natural enemies. These are 
then studied under strict quarantine and screened for possible harmful 
effects on native beneficial insects or crops. There is often large-scale 
breeding prior to release. 

3 The establishment of one or more of the released parasites or 
predators, their increase in numbers and the subsequent decline in 
the pest population. 

4 The stable co -existence of host and parasite or predator at very much 
reduced densities. 

Such control programmes, where successful, are remarkably 
economical. The total cost of Koebele's expedition was less than 5000 
dollars, yet it achieved the permanent elimination of the cottony 
cushion scale infestation in South California. Costs are, of course, much 
higher nowadays, but still very mudi lower than the four million dollars 
or so that are required to put a new insecticide on the market, let alone 
apply it regularly in order to achieve continuous 'control*. De Bach el al. 
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(1971) estimate that in California alone about 200 million dollars have 
been saved during the past 45 years as a result of successful biological 
control projects. 

Biological control has also been used against noxious weeds, a 
classical example being the prickly pear cacti {Opuntia inermis and 
0. drida). These were introduced into Australia as desirable hedge-row 
plants in the early part of this century. They spread rapidly and 
formed impenetrable thickets on large areas of previously useful land in 
Queensland and New South Wales. An expedition was sent to South 
America where several species of moth whose larvae feed on the fleshy 
dadodes of the prickly pear were collected and shipped to Australia. 
One of these, Cactoblastis cactorum (Fig. 9.1c), rapidly became estab- 
lished and caused a large-scale decline in the prickly pear. Scattered 
plants of the prickly pear are still found over much of its previous 
range in Australia but it is no longer dominant and much of the natural 
vegetatkm has retnmed. 

These examples show that biological control is concerned with 
decreasuig the numbers of a pest (a primary consumer in the case of 
phytophagous pest, or a primaiy producer in the case of a weed) by 
increasing the numbers and effeotiTeness of the animals feeding on the 
pest (secondary consumer or primary consumer). This is illustrated in a 
very simplified form in Fig. 9.2 (Varley 1969). 

In Eig. 9.2a we have the situation where a plant has become 
dominant because it is free from primary consumers or competitors. 
Such was the case of the priddy pear in Australia prior to the introduc- 
tion ciCaetMasHa, The situation in Fig. 9. 2b illustrates the result of the 



A Light IMPLANT 



B Light a^plant 



•PEST 



C Light ^PL ANT 



PARASITE or 
PREDATOR 



Light M^plant 



PEST 



porosite 



^HYPERPARASITE 



Flg*9JI Simple energy chains in which the thick arrows point to 
dominant species which have limiting resouroee and the thin arrows 
to species which are Hmitcd by their consumers and thus have super- 
abundant food which they cannot fully utilize. From Varley (1969). 
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establishment of a pest species such as the cottony cushion scale (or in 
the oase of the prickly pear, the introduction of Cactoblastis from South 
America). The plant is now no longer dominant and it is the herbivore 

which is limited by lack of food or available energy. Situation 9 . 2c 

represents the successful biological control of an insect pest such as the 
cottony cushion scale by Rodolia. Tlie pest is now limited by the parasite 
or predator, which once again allows the plant to increase to the limit 
of its energy supply. Figure 9. 2d illustrates the danger of a hyper- 
parasite becoming establislied wliere biological control has been 
effective. The pest is once again able to increase at the expense of tiie 
plant. 

9.4 Successes and failures 

Although the majority of introduced natural enemies have failed to 
produce significant control, there have also been many successes. Many 
of these have been in North America. For example, Tumbull & Chant 
(1961) review 31 biological projects in Cwada, of which they rate 12 as 
successful and one as partly successful. Clausen (1956) reviewed the 
effectiveness of biological control projects in the USA up to 1950 (see 
Table 9.1a). One hundred and ten beneficial species were established 



Table 9.1A The efifectiveneas of biological control projects in the USA up to 

1960. Data from Claosen (1956). 





Fruit 
crops 


Field and 
garden 
crops 


Forest and 
ornamental 
trees 




No. of pest species 


33 


42 


16 


91 


No. of pests eCfectivdy 
controlled* 


12 


2 


4 


18 


No. of beneficial 
species establislied 


5S 


20 


35 


110 



* These figures are eonaervative, and do not indude partial and local suooesses. 



in an attempt to 'control' 91 species of pest of which 18 species were 
completely 'controlled'. More recently several other major pests in 
North America have been controlled biologically, such as the winter 
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moth in Canada (Embree 1971), the Olive scale (Hnffaker et al. 1962) 
and Klamath weed (Huffaker ft Komet 1969) in California. This is a 
oommon plant in Britain, known as the Fteforate Bt John's Wort, 
Hypericum perforainm. The beetle Chr^etUma introdneed to California 
is native to Britain where the plant is never a serious pest (Fig. 9. 1b). 

Table 9. 1b summarizes the world situation up to the end of 1969. 
Many of the early successes of biological control were in Pacific islands. 



Table 9.1 B Number of pest insect species subjected to biological control 
attempts by the importation of natural enemies and the number and degree of 
gmooeeses attained (up to and inehiding 1969). After DeBaob (1971). 



Number of pest - 
speoiefl involved 


Number and degree of suooeii 




Number of 
fmlures 


Partial Substantial Oompleto 


Total 


223 


30 48 42 


120 


108 



For example, a chafer beetle from Japan, Anomala orientalis, has been 
controlled by a large wasp, Scolia rnanilue, introduced into Hawaii 
from the Philippines by Muir in 1916. Muir also introduced into Hawaii 
a tachinid fly, Ceromasia, which has controlled the sugar-cane beetle 
borer, Rhabdoscelus (Fig. 9. 3A). Another tachinid, Bessa remoUit 
has controlled the coconut moth, Levuana iridescens, in Fiji. Also in 
Fiji, the oooonut leafmining beetle, Promecotheca reichei (Fig. 9. 3b), has 
been successfully controlled by a Eulophid wasp, Fleurotropie parmdus^ 
that was imported from Java (Taylor 1937). Because of such examples, 
it was formerly widely assumed that biologioal oontrol is best suited to 
island oonditioiis. However, the experience with cottony cushion scale 
and the more leoent saooesses in North America indicate that biologioal 
oontrol oan be just as effective (m cmitinents as on islands. 

Where biologioal oontrol has failed, it is because the beneficial insecto 
introduoed have not become established or, if established, have proved 
to be ineflfootive. The reasons for such failures are almost always 
unknown but there is now a body of experience which should malce 
it easier to select more appropriate natural enemies for introduction 
than has often been the case in the past. 

Presumably, unsuitable climatic conditions, differences in host 
biology compared with the native region and unsuitable cultural 
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practices are all important considerations where parasites have failed 
to become established. An inadequate taxonomic knowledge of the host 
or parasite populations may also contribute. This has been particularly 
true in the case of the California red scale (Fig. 9.3l). ^lany of the 
parasites that failed to become established were collected in the Orient 




A The 

the worv 
B The 



fly Cenmatia (c) which has suocseasfully eontroUed 

il RhnbdnMceluH (a) whom> larvai* (b) hoiH' within Hu^ar rano. 
Eulophid wasp Pleurotropia (g) whose introduotioin into Fiji 



HUPceRsfuIIy controlled the hci-t Ic I'mmrcofhern (o), wliosn larvae (c) boro 
in tho leases of the eoeomit (a. h). An accidental iiit rodncf ion <»t the 

mite Fyemotes (f) which also feeds on the larvae (d) had previously 
destroyed the natmal control exerted by several other parasitie waqps. 
(See Seotun 0.4.S). 

C The California red scale on a lemon. Below, msgnified, the paranitic 
waq» Aphytu attacks the scale insects. 



from Boales misidentified aa California red aoale. ll^dentifioation of 
panrites has also hindered this project. De Bach e$ al. (1971) report 
that 'Early in the century, a species of Aphytis — in all probability A. 
lingnanensis — was recognized as a common [chalcid] parasite of Cali- 
fornia red scale in southern China, but no effort was made to introduce 
it, due to its misidentification as a species already present in California*. 
Lat«r, after the California species was found to be yl. chrysomphali, A. 
lingnanensis, which had been confused with it, ims imported and 
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proved to be a very e£fective natural enemy of the scale, displacing 
A. chrysomphaH from most of its former range. 

A high proportion of introdttced natural enemies that do become 
established fail to reduce their host populations completely below the 
level of pest status. Some are partially successful, others completely in- 
effective. The examples we give below show some of tiie reasons for this. 

9.4.1 Climate 

We mentioned above that Aphytia Ungnanensis has been very effective 
against the California red scale. However, this has been the case only in 
the coastal parts of California. Inland where the climatic conditions are 
more extreme the parasite^ has proved to be much less effective. DeBach 
(1965) has shown that the very high temperatures and low humidities 
inland in summer and the low winter temperatures in these areas lead 

to higher larval mortality, reduced fecundity and unbalanced sex-ratio 
compared with the coastal regions. The parasites are not eliminated 
firom these inland areas because some individuals are genetically more 
resistant to the climatic conditions and because survival is higher. 
Economic control in the inland areas has now been obtained using A. 
mdimu introduced from India and Pakistan. 

9.4.2 Geoffraphie races 

The whole success of a biological control programme may hinge on the 
early recognition of any biological races amongst the introduced para- 
sites, or any differences between the pest populations and populations 
of the same species in the para8ite*s country of origin. 

The biological control of olive scale in California shows very well the 
importance of distinguishing between different biological races of 
parasites. The olive scale became established in California during the 
1930's and in the following 30 years has spread throughout the central 
olive growing areas of the State. A biological control programme was 
initiated in 1949 with the introduction of ApkjfUs maculicomia from 
Egypt. During the next few years several shipments of this species were 
made from BCiddle Eastern countries. Amongst these wm recognized 
four 'biologies! strains' which although indistinguishable morpholo- 
gically had distuiot biological characteristics (Doutt 1964). Only one of 
these, the 'Persian strain*, gave some degree of control in field ezperi* 
ments. The subsequent colonization and release of this strain of AphyUa 
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has been thoroughly described by Huffaker and his co-workers (Hiif- 
faker et al. 1962. Huffaker & Kennett 1 966), who found that the seasonal 
climatic conditions greatly affected the efficiency of the parasites. The 
spring generation of olive scale suffers up to 95 per cent parasitism, but 
in the very hot and dry summer conditions the parasites are ineffective 
against the summer generation of the scale. 

The situation has now been oonsiderably improved by the establish- 
ment of a second Chalcid paraaite, Coccophagoides utilia, which causes 
between 20 and 60 per cent parasitism in each of the two host genera- 
tions. It thus serves to prevent the large incresaes in olive scale during 
the summer months. 

0.4.3 Most availability 

Parasites with shorter life cycles than their hosts have the advantage 
of being able to increase relatively more rapidly in numbers than 
synchronized parasites. If the host's generations are not completely 
overlapping, however, there is always the danger that such unsynchro- 
nized parasites will become adult and need hosts when few hosts of a 
suitable stage are available. 

The importsAoe of this to biological control was first shown in the 
case of the coconut leafmining beetle, Promecotheca (Taylor 1937). 
Under natural conditions the beetle has many overlapping generations 
and the larvae are heavily parasitized by several chalcid wasps which 
have much shorter life cycles than that of the beetle. Under these 
conditions there was little damage to the palms. The situation was 
dramatically changed when a predatory mite {Pyemotes = Pediculoides) 
(Fig. 9.3b) was accidentally introduced. The mites fed on the beetle 
larvae and pupae, but not on the adults and eggs, which had the effect 
of changing the pest from one with overlapping generations to one with 
each stage more-or-less synchronized. The mites and the native parasites 
then declined in numbers becautie they were not synchronized with their 
host. The wet season is unfavourable to the mites whose numbers then 
decreased further; so the beetles, now free from mites and parasites, 
increased rapidly to the limit of their food supply and defoliated the 
trees. Biological control was finally achieved by the introduction of the 
Chalcid parasite Pleurotropis (Fig. 9 . 3b) from its native home of Java 
where it is a parasite of a closely related beetle, which has a life oyde 
approximately the same length as that of Promecotheca, 
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9.4.4 Boat rtaiikmce 

There has been much attention focused recently on the Sequent 
development of xeaistanoe by pests to yarious insecticide oomponnds. 




Trichogramma 
on a moth egg 
x30 



F1^9.4 

A TlieioliiifiiiinonklpairaataMMolst^ 

oontool the aaw^ JPriMipftoro whose larvae feed on larah. After aome 
initial sucoees, the aaw-fly larvae became reaiatani to tiiis parasite. 

B Attempts to use species of Trichogramma, which parasitize moth 
eggs, for biological control of Lepidoptera have been laigely unsucoeaa- 
ful. 

C The predatory mit© PhyCoseitUus has been used successfully to 
oontnd the zed spider mite whieh attaoka eaoamibera in glaaahouaea 
(aee Seotion 9.6). 

The development of hcet resfstance iowaids a parasite species, however, 
seems to be rare in biological control. One well documented example, 
however, shows how other cases could arise in the future and illustrates 
how important it is in biological control to select the appropriate genetic 
strain of natural enemy. 

The larch saw-fly, Pristiphora erichsonii (Fig. 9.4a), has been a 
serious pest of larch trees in Canada since the last century. During 1910 
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and 1911 an ichneumonid parasite, Mesoleiiis tenthredinis, was imported 
from England into Manitoba in an attempt to control the saw-fly 
biologically. This introduction was very successful and in the following 
years up to 88 per cent parasitism was recorded. During the 1940*8, 
however, saw-fly outbreaks started to become more frequent. Muldrew 
(1953) showed that in Manitoba many parasitized saw-fly larvae survived 
becauae the parasite eggs were encapsulated and killed by their hosts. 
This resistant strain of hosts was, of course, at a considerable selective 
advantage and was soon to be found right across the continent from 
north-eastern British Columbia to Nova Scotia. Recent work suggests 
that host resistance may be overoome by importing a 'Bavarian strain' 
of the parasite which is immune to the haemoc^c reaction of the 
saw-fly and whose progeny are also immune even when Grossed with the 
soaoeptable 'Canadian strain* (Tumook & Ifuldrew 1971, Tumook 
1972). 

9.4.6 Searching characteriatica 

There have been numerous, but usually unsuooessful, blologioal control 
programmes using species of the genus Tnchogramma^ which parasitize 
0gglB of a very wide range of Lepidoptera (Fig. 9. 4b). They have been 
used in attempts to control several species, particularly the sugar cane 
moth borers in America and the West Indies (Metcalfe ft Brenitee 1969). 
Begular mass liberations otTrichogmmma were first attempted in 1921 
in Guyana and were then used more widely with parasites reared on 
the eggs of grain moths such as Sitotroga cerealella. We can only guess 
the reasons for the failure of Trichogramma in biological control. 
Perhaps failure of synchronization and the wide liost range prevents 
very high parasite populations being maintained in sugar plantations, 
or perhaps the culturing method has selected a laboratory race especially 
adapted to Sitotroga. 

It is also quite possible, however, that the basic searching charac- 
teristics of Trichogramma prevent it being a suitable biological control 
agent. Evolution does not necessarily select for a parasite that will keep 
its host populations at very low levels. Parasites that are always 
abundant year after year must have an abundant supply of hosts to 
maintain these high numbers. Such para sites are likely to have low search- 
ing efficiencies. All host-parasite theories so far developed are at least 
agreed on this: provided the parasite doesn't itself suffer some large 
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speoifio mortality, the higher the searching efficiency, the lower the 
ayerage densities of both host and parasite populations. The more 
promising parasites for biological control are thus likely to be those with 
high searching efficiency that normally keep their hosts at vray low 
densities and are themselves relatively scaroe. 

9^ Models and biological control 

At the begimiing of this chapter we outlined the typioal sequenoe of 
events foUowing the successfol establishment of one or more exotic 
natural enemies 'to control a particulsr pest. We shall now consider 
whether the features of psrasite behaviour described in Chapter 4 osn 
provide a useful theoretical basis &r biological oonteol. While each of 
the theoretical models described probably provides a satb&ctoiy 
description of particular stages in a host-parasite interaction, none is 
able to describe the complete sequence of events leading to suooesaM 
biological control. 

The models of Thompson (1924, 1930) assume that the average 
numbers of eggs laid per parasite is constant for a particular parasite 
species (i.e. independent of both host and parasite densities). This may 
be approximately true when few parasites are faced with a super- 
abundance of hosts in the initial stages following introduction. Under 
these conditions the models may adequately predict the initial rate of 
increase of the parasites but are unsatisfactory since they also predict 
an ultimate extinction of both host and parasite populations — which is 
in conflict with observation. 

The theory of Nicholson (1933) (equation 4.3) is also unsuitable 
because the searching efficiency is assumed to be a constant for a given 
parasite species. HoUing (1959) has shown that the searching efficiency 
of a parasite or predator -must depend on the density of hosts, and 
Hassell & Varley (1969) and Hassell & Rogers (1972) have shown 
how searching efficiency may depend on parasite density. Because of 
the constant searching efficiency Nicholson's models are unstable and 
do not allow two or more specific, synchronized parasites to co-exist 
on a single host species (Varley & Gradwell 1970). We know from field 
observations that host-parasite interactions are for more stable than 
Nicholson thought and that several parasite species often co-ezist on a 
single host species. 

The quest theory of Hassell & Varley (1969) is based on experimental 
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observations that the searching efficiency of parasites decreases as 
parasite density increases, largely because interference increases time- 
wasting activities and dispersal. This parasite interference, represented 
by w in equations (4.10) to (4.12) is observed from one place simply 
as a fall in the apparent value of the area of discovery as the parasite 
population rises. In parasite behaviour it manifeata itself as emigration. 
Sucoessful introductions for biological control spread Bpontaneously. 
TownBB (1972) estimatea that the iohniwimonid Pffenoofifplue dirtUoTt 




Flft* 9.5 A Tnaflwmatacal model tiimilating a snooessftd iniiodnotioa 

of a paraaite fbr the biological control of a peet. The formulae tised in 
the calculation are developed from an expansion of formula (4.6) and 
include provisi<m for parasite interference and Ha^^iiwg time. 

^«+i = JW,exp(- 

whero the nmnber of hosts attacked, 

and the aduh piiaaibea of the next generation P||.|.i • 

For th e niod a l, the rate of in oro a eo J » 2, the attack ooelHeient a* ■ O-OOC, 
total timii T m 100b handling time 2** « 0 and the mutnal interfbnnoe 
constant m ■ 0*8. 
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after a few years of incEease iii the initial aiiea, spread at a rate of about 
150 miles a year. 

Parasite inteiferefioe tends to stabilise intenodoos and permits 
more tbaa one parasite species to oo-exist on a given host epeoies^ The 
modd, however, has two fiuilts: first the observed inerease in searohi^ 
effidenoy as parasite density &l]s cannot be extrapolated indefinitely; 
seoondfy, parasites most sometimes be significantly limited by vgg 
supply or the effects of handling time, so searching efficiencry cannot 
be entirely independent of host density. Sudi a model therefore 
predicts too rapid an increase in the parasite population following an 
introduction. 

We have found that it is only by ccMnbining some of the fiBatmes of 
ditEerent models that the sequenoe of events in biological control may 
be satsfaotorily described. Figure 9.6 shows the outcome of a model 

which begins with the introduction of a few parasites to control a pest 
population. Such a model broadly describes the type of outcome hoped 
for from a successful biological control project. The searching eflSciency 
of the parasites depends on both the host density (by the inclusion of a 
handling time) and parasite density (by the inclusion of parasite inter- 
ference. Including a handling time tends to limit the attack rate when 
hosts are very abundant. This reduces the initial rate of increase of 



Table 9.2 Some searching charcteristics of insect natural enemies which afifect 
stability and average population levels. After Hassell & May (1973). 



Searching 



Optimum for 
biologioal oontrol 



(aa a pffoportiofi 
of total thne) 



High 



Low 



The mutual 
interfearanoe oonstent 
(m) between 0 and 1 



Beduoed average 
levds 



Negligible vednotion in 
stability and only very digbt 
increaae in av. pcqs. levels 

Inoicaao in atabilily 
Some increaae in avecagpB 
population leveli 

Inerooao in stability (depend* 
aleo on host distribuftiQn)* 

Some increaae in ai 
population levels 
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the parasite population. Tlie rapid stabilization of the populations at 
low levels depends on the marked degree of interference included in the 
model. More sophisticated models (Hassell & May 1973) suggest that 
there are at least four aearching characteristics that should be optimized 
in selecting natural enemies for biological control. These are listed in 
Table 9.2. They include characteristics which will tend to reduce the 




YMr$ 

Fig. 9.6 After the establishment in Nova Scotia of the introduced 
parasites Cyzenis and Agrypon the winter moth population declined as 
thft percentage of paxuHtSam imttOMod (Embrea 1960). The graphs ara 
average figures iot aeivea looalities. Hie time scale for eadi plaoe was 
counted from the time Cyzenis was first observed there. For most 
placee year 1 was 1954. Inset: adult Cyzenis albieant and a winter 
moth larva; ri^t: adult of the antroduoed iohneumonid Agrjfpon 
flaveolatum, 

average population density of tihe boat (jninoipaUy tiie intnnaie aearoh- 

ing efficiency) and others which promote stability, such as a tendency to 
aggregate where host density is highest and for intereferenoe between 
the searching natural enemies to modify their behaviour. 

Although such models may give us insight into the basic searching 
characteristics required of a parasitic for successful biological control, 
they do not predict the outcome of a particular project. How much 
specific information do we require for a predictive model? Let us take 



Copyrighted material 



170 



Chapter 9 



the OMe of the winter moth in Canada at an example, ainoe we have 
more information about the winter moth and its parasitee from both 
Europe and Canada than is available for any other biological control 
experiment. After its accidental introduction into eastern Canada, the 
winter moth rapidly became a serious defoliator of hardwood forest 
trees, shade trees and orchards. A biological control programme was 
initiated in 1954 involving two larval parasites, a tachinid [Cyzenis 
albicans), and an ichneumonid {Agrypon flaveolatum). Both parasites 
rapidly spread from their release sites and greatly increased in numbers 
(Embree 1966, 1966, 1971). Figure 9.6 shows how the winter moth 
populations declined within six years of the appearance of Cyzenis. 
Agrypon appeared later than Cyzenis and caused high levels of para- 
sitism only after the initial decline in the winter moth. There have been 
no reports of serious outbreaks of winter moth since its dramatic 'crash' 
following the introduction of Cyzenis. 

On the basis of their winter moth studies in England, Varley & 
Gradwell (1968) predicted that in Canada there would be 'periodio 
outbreaks [of winter moth] causing defoliation at nine or 10-year 
intervals'. This prediction was based on a model in which Cyzenis was 
assumed to act in a Nicholsonian way. A new model which attempts 
to describe the Canadian situation rather than that found in England 
gives a different prediction. This model is shown in Fig. 9.7 and is based 
on data from Embree (1965) and from Varley & Gradwell (1968, 1971b). 
The model is based <m the foUowing aasomptionB: 

1 each female winter moth lays an average of 89 eggs (F = 89) as 
found by Embree; 

2 there is an equal sex ratio ; 

3 there is a maximum winter moth population above which there can 

be no increase ; 

4 the winter moth population suffers four major mortalitiesi ki to k^. 

ki Egg-larval mortality ezduding paradtiam. This is sssomed to be 
oonstant {hi m 1*6) equal to the mean of the observed Tslnes from 
Bmbiee (1965). 

h% Mortality due to CffgmU, This is estimated from the sabmodel for 
parasitism by Cyzenia deeoribed in Seotioa 7.9 [kt « (0-06ePi-o.6a)/(2.3)] 
see formula (4.12). The handling time of Cfftmit is extremely short and 
egg supply very large. The model therefore does notindude any effects 
of host deusity on searahing effioienoy. 
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Mortality due to A<jnjpon. There is little known about Agrypon 
behaviour, so a submodel to describe parasitism by Agrypon cannot be 
based on measurement. We have therefore arbitrarily assumed that it 
acts in the same way as Cyzenis but has an egg hmit of 100 eggs per female. 




1 I I 1 1 I I I 1 1 

5 10 15 20 

Yeors 

Fig. 9.7 Host-parasite model simulating the biological control of winter 
moth by Cyzenia and Agrypon in Nova Scotia. 
Winter motht 

log A'n+ 1 = log Nn - ki -k3-k^~ ki + log F 
Cy tenia: 

l<»gP«+i - log Cy,(l-exp (-QF,i-«i))]-*4 

Agrypon: 

logPn.i = log [N, (I -exp(-QPni-m))]_fc4. 

{Nf = survivors from parasitism by Cyzenia ; other symbols a.s pre- 
vioualy. The values for different constants are given in the text.) 

ib4 Pupal mortality. The information in Embree (1065) suggests that 
the pupal mortality of the winter moth in Nova Scotia is much less 
severe than the strongly density dependent mortality in the population 
studied by Varley & Gradwell. Between 1954 and 1959 the pupal 
mortality was represented by a ^-value of about 0-2 or less. We have 
assumed a constant value of 0-2 in this model. 

The only other components in the model concern the parasites. 
Since they are equally susceptible to mortaUty from predators whilst 
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in the soil during thdr later larval and pupal stages, they are asBumed 
to suffer the same mortality as the winter moth pupae. 

We can see from Fig. 9.7 that the model predicts that the introduc- 
tion of the two parasites wiU lead to a stable interaction with a greatly 
reduced mean winter moth population, as has been observed up to the 
present. Clearly, more accurate descriptions of the different parameters 
may afifect this outcome. Perhaps the most important aspect of this 
model is that it indicates how much preliminary study is required to 
produce a model which is likely to predict the outcome of a biological 
control programme with a fair degree of confidence. The searching 
parameters of parasites can be obtained by careful laboratory experi- 
ments, but it is not known how these relate to searching under field 
conditions. An adequate sub-model for parasitism, however, is not suffi- 
cient. The wint-er moth example has shown how critical other components 
may be. In this case it is the absence of a strong density dependent pupal 
mortahty that largely accounted for the high winter moth populations 
in Canada and then permitted Cyzenia populations to increase to very 
high levels. Such information is best obtained by a detailed census 
converted to life tables, but this may prove too lengthy a process, 
especially when there is only one generation of the host insect per year. 
Only if the factors affecting the survival of both host and parasite in 
the field have been adequately quantified can we develop satisfactory 
piedietive models for use in biological control. 

9.6 Some recent trends in biological control 

Table 9.1 indicates that biological control has been much less successful 
against pests of field and garden crops than against pests of forest, 
fruit or ornamental trees. Only 12 out of 42 pests of field or garden erops 
(approximately 5 per cent) had been completely 'controlled' by natural 
enmniee in the USA up to 1950 despite 20 beneficial specieB being estab- 
lished. This is compared with 36 per cent of orchard pests and 25 per 
oent of forest and ornamental tne pests that were biologicany oontroiUed 
in the same period. The many successes with orchard pests have been 
laige^ conomed with various scale insects. Th^ make up nesrly half 
of all biological control projects to date in which there has been some 
degree of success (DeBach d at. 1971). 

The main hindrance to the biological control of pests of annual field 
Ofope arises fiom cultural practices which cause a succession of eoolo- 
gioal upheavals in an artifidaUy simplified environment. Successful 
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biological control is always associated with a close interaction between 
pest and natural enemies. All the cases cited in this chapter have 
involved parasites or predators which are specific or at least show 
a strong host preference, and there has always been a continuous 
reproductive interaction between host and parasite populations. 

In the annual field crop situation there are regular sequences of 
planting, growing, harvesting and ploughing. This often means that 
populations of pests and their parasites or other natural enemies start 
the growing season at very low densities, hAYing died out or emigrated 
between harvest and the appearance of the new crop. A new population 
may be the survivow from this adverse period, or may be immigrants 
from surrounding areas, or both. Typically, the initial population 
of the pest suffers little mortality from natural enemies and in one or two 
quiok generations may rapidly increase in numbers. The population 
of a natural enemy reaches a high level only alter that of its host or 
prey is huge and, therefore, causes really high mortalities only after the 
host or prey has reached pest status. 

Recent work suggests that under these conditions biological control 
depends on establishing high levels of parasitism or predation at the 
start of the growing season. The work of Hussey ft Pair (1903) shows 
one way in which this can be achieved. They found tiiat the red spider 
mite (Fig. 9.4c) which damages cucumbers in glass houses oouM be 
effectively controlled by a predatory mite, PhyloaeiuUu persmiUB if the 
spider mites 'are deliberately introduced on to eveiy cucumber plant 
within a few days of planting by placing a small section of bean leaf 
bearing 10-20 female mites on each plant. The prey mites are allowed 
to increase until the mean leaf is damaged 0*4 .. . when two predators 
are introduced on every second plant' (Hussey & Bravenboer 1971). 
Thus, it is only by increasing prey populations at the beginning of the 
season and ensuring that they are more-or-less evenly distributed that 
the introduced predators can increase sufficiently rapidly to ensure an ef- 
licient interaction throughout tlic isuiiiriK r \\ itlioul further manipulation. 

A similar technique has been developed by Parker (1971) to control 
the small white butterfly Pieris rapae, whose caterpillar is a pest of 
Brassica crops (Fig. 9.8a). Parker found that spring populations of 
Apanteles glomeratus, a braconid parasite of Pieris, are first active 
approximately two weeks before its hosts are available, and that in the 
first two generations Pieris is too scarce for the parasites to increase 
sufficiently to suppress subsequent Pieris populations in the same 
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■eaflon. By xdeoaiDg both lioBts and parasites early in each season 
effective Pierie oontrd was aehieved throughout the season. 

These examines of biological control show how important it may be to 

investigate ways of improving the efficiency of indigenous or introduced 
parasites once they are established. The provision of extra food for adult 
natural enemies can help their populations to increase more rapidly. 
Hagen d al. (1970) demonstrated very clearly that spraying artificial 
food for predators such as syrphids (hover flies), coccinellids (ladybird 
beetles), and chrysopids (lacewing flies) increased their effectiveness 
against aphids on alfalfa. These nutrient sprays not only attracted 
predators from surrounding areas, but also tended to increase their 
fecundity. 

TM>]e9J After Schlinger & Dieirick (1960) 



Densities of natural enemies per m* 



Types of natural 

dli0KlllliB9 


of cultivated aUkUb 
Regular fanning Strip fonning 


OooeineUid adults 


II 


61 


CoccineUid larvae 


3 


57 


Green lacewing leurvae 


48 


51 


Aphid parasites 


17 


71 


Big-eyed bugs 


49 


99 


Aphid-eating spidefs 


26 


270 


Totals 


154 


699 



llodified cnltmal practices may be an important way of preventing 
the lafgeHMMle mortaUty or emigration of beneficial insects that often 
ocean when al&l& is harvested. The spotted alfidfa aphid, Therw»phi$ 
maeulaia is an hnportant alfalfa pest in California. This aphid is attacked 
hy a wide range of natural enemies whose elfectiveness can be increased 

caielbDy planning the spacing and cutting of the alfalfo plants. 
Table 0.8 shows how the catting of alfalfa in altenuite strips inoreases 
the stock of natural enemies present (Schlinger & Dietrick I960). 

We have tried to emphasiBC in this chapter that dassicsl biological 
control can be a very effective means of pest control under certain 
conditions. Failaiee have occurred for so many different reasons that 
the introdaction of a particalar parasite will provide the only real test 
of its effectiveness. We do not agree with Tumbull & Chant (1961) 
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and Turnbull (1907) that multiple introductions of natural enemies 
may jeopardize biological control. Their view is supported neither on 
theoretical grounds (see Chapter 4) nor by practical experience. Host- 
parasite models have now reached the stage where they can indicate 
which searching characteristics are likely to result in stable and greatly 
reduced populations. We hope such models will help in selecting the 




Fig. 9.8 

A The small white butterfly Pieris rapae (rt) laying an egg on a 
brassica leaf. Above it two small caterpillars; one being parasitized by 
Apanteles glomeratus (enlarged, left). 

Below, left, cocoons of Apanteles on a large dying caterpillar. 
B Healthy and wilted brassica seedlings. A cabbage root-fly is laying 
eggs (left) and larvae are on the roots of the wilted plant (right). Inset: 
Bembidion lampros and Erioiachia brassicae adult and lar\'a. 

most suitable parasites (as far as their searching ability is concerned) 
for particular biological control programmes. The current work on the 
manipulation of indigenous natural enemy populations suggests that 
this type of biological control is also likely to become increasingly 
important, especially in integrated projects. 

Indigenous populations of parasites and predators could often be 
a more important cause of pest mortality if not inhibited by the insecti- 
cides used in an attempt to obtain 'chemical control'. Approximately 
one in every 10 species of animal is a parasitic insect. This figure includes 
true parasites as well as parasitoids but does not include the large 
numbers of predatory species. We are probably quite near the mark 
if we say that almost half of all insect species feed on other insects. We 
mention these crude estimates to help emphasize how extremely 
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important natnial enemies are likely to be as mortality factors helping 
to maintain other insect species at relatively low levc^ of abmidanoe. 
The best evidrace of this is indirect and comes from the manydocumented 
cases where the use of inseotiddes has led to pest resurgence or the 
appearance of new pests by elimination of indigenous natural enemies. 
A good example to illustrate this is given by Wright, Hughes & Worral 
(1960) (Fig, 9.9A). They surrounded a plot of cauliflowers, which was 
subject to attack by the cabbage root-fly (Erioisrfiia hrassicnf ), by a 
straw rope soaked in DDT. The percentage of plants wilting because of 
root damage was higher than in a control plot with no treatment. 
Figure 9.yB suggests that this is due to the relatively severe effect of 
this particular insecticide treatment on the carabid beetle (Bembidion 
lampros) which eats many cabbage root-fly eggs. This is an example 
of pest increase after an experimental insecticide treatment. There 
are also many cases where destruction of natural enemies has led to the 
appearance of new pest species. Thus Conway (1972) showed that the 
appearance of new pests of cocoa in Malaysia was correlated with 
periods of insecticide use. Wood (1968, 1971) describes how several 
ssriCMis outbreaks of defoUators of oil palm in Malaysia have been 
oansed by the application of persistent insecticides against pests of 
minor importance. The 'cure' proved worse than the disease. Smith 
(1969) draws much the same picture for cotton in the Canete Valley of 
Peru. In both areas the pest problems have been largely overcome by 
applying pesticides in such a way as to minimize their effect on the 
natiunl enemy population. 

Befofe the middle of the present century the belief was widespread 
that InseotioideB would be the most effective long-term answer to insect 
pest problems, but gradually there has been a change of view (MeUanby 
1967). There are four main reasons. 

1 Many major pests have evolved insecticide resiBtanoe to a spectrum 
of oompounds to some of which the insect had never been subjected. 

2 The increased insecticide doses needed for a satis&ctory kill are 
costly and may lead directly to crop damage or to residue problems in 
the marketable crop. 

3 FteEsiBtent insectiaideB, like the chlorinated hydrocarbons (e.g. , DDT), 
aitt found to be concentrated in animals at the ends of food chains in 
places £ur removed from the sitee where inseetieidee have been used. 
Chlorinated hydrocarbons have been detected in freshwater animals, 
in oceanic fishes and even in birds and seals on the antarctic continent. 
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The first analytical methods used left some doubt as to the nature and 
origin of the chlorinated compounds found — ^whether from inseotioideB 
or from similar chlorinated compounds used in paints etc. 
4 The proportion of insecticide used in normal spray programmes 
which actually enters the bodies of the target species is extremely small. 

New and more specific methods of dealing with the problem haye 
been mgently investigated. Some of these axe: tpedfie hx attraUanU 




ng,9.9 Thft dfoot of surrouiidiiig caulifioww plante by a itvaw 
bairier soaked in DDT. 

A the teeated {dot a larger percentage of plaatB wilt ftom the attadc 

of larvae of the cabbage root-fly, Erioiaehia, 

B Fewer of the ground beetle Bembidion, which eat cabbage root- 
fly oggs, are foiind in pitfiall traps within the treated plot. Data from 
Wnght et al. (1960). 

which lure the insects to traps whsfe they can be IdUed by small amoonts 

of insecticide; repeUarUs which prevent female insects from laying eggs 
on the crop or make the crop unacceptable to the larvae; ayrUJietic 
hormones — analogues of the juvenile and moulting hormones of insects 
which interfere with normal development of the insect, and chemicals 
or irradiation with X or gamma rays which can be used as sterilants. 

The sterile male teclinique has had a number of successes. The 
screw worm is the maggot stage of the fly Cochliomyia hominivorax 
which lays its eggs in minor wounds on cattle (or man) and its effect is 
very like that of its relative the sheep blow-fly on sheep (Chapters 2 and 
3). It was estimated that the economic losses from this pest in the 
southern states of the USA, amounted to some 120 million dollars 
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per annum. As a pilot experiment, screw worm flies were artificially 
bred in large nnmbers and the males were sterilised by irradiation and 
then liberated on the small Caribbean island of Oura9ao. The sterile 
males had to outnumber the wild males and mate with the wild females 
whose eggs would then be infertile. In a few generations the experiment 
completely eradicated the pest from the island. The same method was 
then used in the USA, where, at a cost of 60 million dollars, the screw 
worm was eradicated from the southern states. Because the fly still 
lived in Mexico, the liberation of sterile males was continued in the 
region of the USA-Mexican border to prevent re-invasion. The recurrent 
cost of this 'sanitation barrier' is some 6 million dollars per annum. 
Reports (Anon. 1973) suggest that some flies have penetrated the barrier, 
but even if much of the effort has to be repeated, the economic returns 
from this technique with the screw worm are considerable. 

All such methods share with insecticides one important limitation 
on their usefulness. Unless the pest can be completely eradicated as 
the screw worm was on Cura9ao, it may return to its original level very 
rapidly after any reduction in numbers (Varley 1973); the rate of 
leooveiy depends, on how powerful were the density dependent influences 
which originally regulated its population (Chapter 2). To avoid this 
recovery the artificial restraints must operate in every generation, and 
replace the mortality factors which no longer operate. To give an 
sample based on the sterile male technique: consider a population 
model in which, at low population densities, the pest can increase 10- 
fold. Then, to reduce the population the sterile males will have to 
outnumber the wild fertile males by at least 9 : 1, and more than this 
if there are multiple matings. Unless the pest oonoemed is oheap and 
easy to tear in quantity, the enormous rearing programme may be too 
oostly. 

CSearly the advantage of biological control of the oonventiaiial 
Idnd is that the only expense is the initial one of careM testing and 
of the fairly small initial introduotion. Thereafter the insects do all the 
work, for which there is no reomnent charge. 

If, in the future, pest management is to be put on a sound sdentifio 
basis, the biologioal system with idiioh we wish to interfere must be 
well enough understood for us to model it mathematioslly so that we 
can predict which method will have the most satisfactory outcome. If 
this book helps people to find ways of doing Hub, so that we can manage 
populations intelligently, it will have served a useful purpose. 
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Chapter 1 

1.1 GhangBB in numben were exproaood in many ways in Table 1.1. Dn>w a 
graph of the l:>value on the ordinate (scaled from 0-2) against suooessive % 
mortality (scaled from 0-100 per cent) on the abscissa. Use the figures in 
Table 1.1 and caloolate suitable intermediate points. Draw a smooth eurve 

through them. 

1.2 Suppose that successive counts of an insect during a generation were 1000 
eggs, 576 first instar, 343 second instar, 172 third instar, 93 fourth instar larvae, 
61 prepupae, 26 pupae and 11 adults. Express the changes as in Table 1.1. 
Between whidi oonaeoative stages (a) did most die? 

(b) the greatest fraetion survivef 

(c) the greatest fraction die? 

(d) what was the l^>value for (o) to neanst S 

figs? 

Three figure accuracy is quite good enough for the calculations which can easily 
be done on a slide rule. 



Chapter 2 

2.1 Experiment to demmistrate intraspecific competition. The most suitable insects 
are those which can bo easily cultured and have a short developmental time. We 
have uasd house-fly, or various stored pcodnot beetles. The blow-fly Phomia 
reared fircon the fishennans maggots, or i>rofopMla, would also be suitable. Ezperi- 
meots would be equally ample with freshwater orustaoea or with the s e e ds of 
flowering plants. Set up a series (2, 4, 8, 16 etc) of eggs on a fixed amount of food. 
Analysis of result* is easy if the experiment is scored when the organisms have 
completed their growth, but not yet repnniuced. See Fig. 2.12 and Table 3.2a, C. 

2.2 Copy the line P in Fig. 2.6a on graph paper and mark in a scale from 0-100 
for the population density on the abscissa so that mortality recushes 100% at a 
population density of 100. For pofmlation densities of 1, 10, 20, 30 ... 00, 00, 
tabulate the percentage mortality. Gonvwt to jfc.value. Plot tiiis on the ordinate. 
Question (a) How far can you see the oonsequenoes of a density dependent mor- 
tality as so defined? 

23 Plot the corresponding reproduction curve assuming a rate of increase 
F =2. Using the construction in Fig. 2.7o read off successive values of the 
population for a number of generations. Does the density dependent mortality 
atahiWwa the populaMoft under these eonditicpat (yssorno.) 
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2A Plot on the tame grafdi the reproduction curve aaauming a rqiroductivo 
rate FmZ, Deeoribe the nature of the population changes over a number of 

generations. 

Que^ion Are the populations (a) stablo, (})) unstable betwoon definable limits, 

(c) indeterminate, (d) heading quickly to extinction? 

2.5 On the same graph plot the curve for F = 5. Which of the above possibilities 
is now correct? 

3.6 Plot a logBirithmio reproduotion curve for the same line P in Fig. 2.dA.. Put 
in the diagpnala ivfaiefa cofficqMnd to the reproductive F^2»Z and 5, and 
marie in the cdwuyonding scales on the ordinate. You should be able to find 

graphical constructions which define (a) the highest value of F at which the 
population tends to stabilize, (b) the lowest value of F at which the population 

will become extinct. 

2.7 Draw loganthrnic reproduction curves to correspond with the density 
dependent relations defined by curves Q, R and tS' in Fig. 2.6a or with any other 
ourve of your dioioe. Tttm their shape determine the limits of their ability 
to stabilise a population model in which they represent the sole mortality operato 
ing. 

3.8 In Table 3.2 lines A and C tabulate ^e numbers of adult progeny from 
different numbers in the parental generation of the beetles Cathartua and Crypto- 
testes. Tabulate for each species the number of progeny divided by the initial 
parental population. With parental number on the abscissa plot the propeny per 
beetle on the ordinate. Replot the figures with the initial number on a logarithmic 
scale. 

Quution (a) What is the formula fmr the beet straight line through the points 
for each qpeeiest (two figure accural^ is enou^)< 

2.9 The table below gives the results of an expMimoit where different numbers 
of the fiour moth Ephestia cauteUa emerging from counted eggs competod for 25 g 
of food (wheatfeed) (data kindly supplied by D.J.Rogers). 

Initial nuinber of eggs 10 20 00 100 200 400 800 1600 3200 0000 
Pupae produoed 7-7 16 37 74 137 270 477 392 380 321 

CUcnlate the ifc-valaee for the mortality and plot the ib-values against the kg of 
the initial egg number. . Oomment on the relationship obtained. 
Qm&UoM (a) Have the larvae competed by the process termed 'scramble* or 
*oontest*T (b) Is the slope of the lino for the first 7 points best described by a 
slope of 6 = 0 05, 0-2 or 0-6? (c) For the last 4 points is 6 = 0-4, 0-8 or 1-2? 

(d) What is the minimum amount of food required for a pupa to be produced? 

Chapter 3 

3bl jKvpsrMiMnte fo demcmtiraU irUertpecific oompetUion, Devise and set up your 

ovm exp>eriment with different numbers of two competing species using the plan 
in Table 3.2 as a basis. You can start with either eggs or adults. Alternative pairs 
of competing species are Droaophila melanogaster and D. subobscura which are the 
pale and dark fruit flies that most often come to banana bait in most parts of the 
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UK. IVMMimspeciesaaiiMdby Park (Fig. 3.1)€to.,8roenbottl»fiie8 andblue bottle 
fliM (LueUia and Oa!UfAom)» This it » summer experiment, beet done in the open 
ear beoanee of the smell. Very quick — can be eooved as puparia or as flies* Simikv 

experiments could be devised for freshwater Crustacea for seedling competition 
etc. For simple analysis the experiment should be terminated when the first 
generation htis completed its growth and can most easily be scored. More complex 
experiments m which one species is given access to the limited food supply before 
the other might be tried. 

3^ ExtreiM9, Use the figures in Table 3.2 to find the effect on the mean rqwo- 
duotive rate of 16 CaAartnt at 13 OirMptoJaites of adding coctca membefs o£ the 
aame and of the other qsedes. Find ft way to gn^ the effiMits vrbkh provides a 

good linear relation. 

Questions (a) Do the results confirm equation (3.4)7 

(b) Is the adverse effect of CryptoleaUs on Gathartua bigger than the effect of 
Cathartua on Cryptolestesl 

duipter 4 

4.1 EacpeHmmU on Motehing movtmenU, If you have stocks of parasitio or 
pcedatory insects, set up experiments to show how they discover their host or 
ptey. If not, then the behavioor of hungry house-flies or blow-flies seanhiugfor 

tiny droplets of sugar solution can be used to demonstrate the fwinc^es. The 
fliee can be made to walk by pumming the wings together. An arena of (say) 
40 cm* can bo constructed with two sheets of gloss separated by aluta of wood. 
Mark on a sheet of paper 64 squares 4x4 cm. In the middle of 32 of the squares 
put one dear mark. Put twomaiksonsadiof Hsquares, onSfburnMzkssadon 
4 * group of ^ght marics. Pot a laheet ^ass over the paper, and on the c^ass 
put a esry mnaU drop of sugar solution over each mark. A hungry fly must not be 
satisfied even by thirty such drops. Quickly put the wooden slats around the 
edge, put the top glass on and insert a fly. Follow its movements with a china- 
graph pencil on the top glass. A timekeeper can call out time intervals which can 
also be marked. (If the air is very dry, put strips of moist filter paper on outer 
margin of the arena.) 

(a) Are the fly's movements random? 

(b) Is the rate of turning altered by finding foodT 

(o) Is the ehanoe any one drop is found by the independent of the proximity 
of other dropst 

If a fly c e ases to perform, wash the glass with » damp oioth and set up fteah sugar 
drops for another fly. 

4.2 The host and parasite densities given in Table A come firom a series of 
eaq>eriments by DeBach & Smith (1941). The chalcid Naaonia vitripennu searched 

for 1 day for house-fly puparia mixed in a fixed volume of wheat grains. For eeu:h 
combination of host and parasite density calculate the hosts found per parasite 
and the area of discovery using a re-arrangement of formula (4.4) 

2-3, N 
a--plog^ 



Copyrighted maierial 



Exercises 



195 



TAble A The paraaite Naeonia aearches for 1 day for 
piqMuna of the house-fly Muaca in a fixed volume of wheat 

gFaina. 



Parasite Host density 

. density Initial (2/) Final (S) 



Eagiwiment A 



ExptfinmtB 



18 


36 


15-4 


21 


31 


12-9 


18 


26 


110 


15 


22 


113 


11 


23 


14-3 


9 


29 


18-3 


11 


37 


23-6 


40 


1 


0 111 


40 


6 


100 


40 


26 


7 43 


40 


50 


18-5 


40 


100 


61-7 


40 


200 


1460 


40 


300 


238 0 



For each of the 1 4 spt.s of figures tabulate the number of hosts found per parasite 

and calculate the area of discovery. 

(a) Find the nature of the functional response of the parasite to host density. 

(b) What factors could account for differences in those responses and in the areas 
of discovery between the two experiments? 

4.3 From Table B calculate the 'area of discovery* for each density of the 
parasite NemerUia canescens searching for a constant density of the flour moth 
EphesHa emiUXIa (data from Hassell (1971a)). 

Table B The parasite NemmHf searches for larvae 
of the flour moth EphuUa. 



Ftraaite Host density 

density (P) Initial (N) Final (6 ) 



1 532 449-6 

2 532 439-5 
4 532 410-4 
8 S3S 876>9 

16 532 366-6 

32 632 311-8 
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Plot graphs of (a) a against P. 

(b) log a againrt logP. 

(e) What forowla deeeribea thii r d ati on a h i p t 

44 Uae this fonnula to oaloulate diangea in paraaite and hoat population in the 
Ibllowing inodal: 

wlMve tbo initial hoat denaity (Nn) > 120 ; the hoat rate of inonaae (F)^2 and the 
initial paraaite denaity (F) « 50. 

Chapter 5 

5.1 Table C shows the consequences of a population model to show how the 
presence of a density dependent mortality influences correlations. The data in 
the table below represent a hypothetical population over 15 generations. The 
population suffers two mortcdities, (1) a density independent egg mortality {ki) 
obtained firom random tables, which repreeenta the changing effects of weather, 
and (2) a strongly density dependent larval mortality (k^). 



Table C Population model for exercise 5.1. 





log Egg 


egg 


log larval 


Larval 


log adult 




density 


mortality 


density 


mortality 


density 


Oeneration 


logl^iV 


*1 


logNi 


kt 


logN^ 


1 


200 




1-60 




0-30 


2 


200 




109 




0-21 


3 


1 91 




1-61 




0-32 


4 


202 




1 92 




0-38 


6 


2 08 




118 




0-23 


6 


1-08 




1-08 




0*20 


7 


1-00 




1*40 




0-28 


8 


1*98 




1-88 




0-27 


0 


1-97 




1 27 




0 25 


10 


1-95 




1-85 




0 37 


11 


2 06 




2 06 




0-41 


12 


211 




1-81 




0 36 


13 


206 




1-46 




0*20 


14 


1-90 




1-69 




088 


15 


2 08 




1-28 




0-24 



flot the generation ourvea for larvae and for adults on a log aeale and plot alao 

graphs of the egg and larval mortalitiee (using As-values). 

Questions (a) What formula describps A: 2 in the model? 

(b) Why is the density independent ki, which was introduced as a random 
factor, inversely correlated with both A; a and log larval density? 
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Chapter 6 

6.1 Practical exercise. Provide a sample of knapweed galls. The students can 
count surviving larvae and detennine the causes of death of the others, identify 
the difiPeseat parasite larvae, count and identify the egg shells of the various 
eottqMrasites audi as Tofymus, HobrocjfkUt Eurytoma robtuta etc. The rsanlts can 

be tabulated as in Table 6.1 and converted into the corresponding part of the 
life table for the host and for the parasites. Aitenuttivdy, any other suitable 

material can be used. 

6.2 If no fresh material is available, take the bold figures from Table 6.2 or 
Table 6.3. Calculate for yourselves the remaining figures of these tables. 

63 The oonsequences of Ni^oimm's jheory. Given that the rate of in creas e of the 
kni^pweed gall-fly, Uropkora, is 18, and the area of discovery of its parasite 
Ewifloma is a « 0*85; calculate the steady densities of adult host and parasite 



(i) Eurykmia is the only cause of Urophom mortality, 

* 0*26^5 
and P s 17^ therefore 2^ s ?; 

(ii) 90 per cent of the Urophora larvae are killed before Bw}flioma attacks; 

(iii) 90 per oent of the Urophora larvae surviving the attack by Ewfffioma are 

kiUed; 

(iv) 90 per cent of the Eurytoma larvae are killed ; 

(v) 90 per cent of the Urophora surviving the attack by Eurytoma and 90 per 
cent of the Eurytoma larvae are killed. 

6.4 Makr» a running calculation of eight successive generations for (v) [where 
there is 90 per cent mortality of both surviving Urophora and Eurytoma larvae] 
starting with initial densities of 6 adult Urophora and 2 adult Eurytoma. (a) In 
which generation does the population of Urophora reach ite first minimum? (b) 
After how many generations is the parasite population less than a tenth of ite 
initial value? 



Chapter 7 

Chapters 7 and 8 dnal mainly with similar problems concerning insects with a 
single generation a year. The more elementary exercises for Chapter 7 use figures 
derived from models to show how well the methods work when we know the 
answer. The advanced exerciaes for Ghaptw 8 follow logically upon these and some 
of them use fieM data. Analyris is dow using a slide rule but quite quick if s snud^ 
computer is available. 

7.1 The derivation of n simple life table from census figurea needs a moderate 

amount of arithmetic. 

Population numbers are given in Table D from which life tables can be con* 
stnicted for the host and for the parasite. 
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Table D The figures in eaoh column represent population counts taken 

successively. Adult parasites are covmted first. When they have attacked the 
host larvae these are counted and the number of thorn containing a single parasite 
larva is recorded. The number of adult hosts which emerge late in the year is the 
final figure for each year. Numbers are population density per m'. 



Yew 


0 


1 


2 


8 


4 


6 


6 


7 


8 


Paiadte adults 




1 


1 


3 


6 


15 


47 


41 


4 


Host larvae Nt 




53 


532 


296 


377 


796 


322 


11 


II 


Parasite larvae Pt, 




3 


24 


45 


121 


491 


306 


10 


3 


Host adult Na 


15 


12 


56 


34 


32 


29 


2 


0-4 





Host figures Inspection shows that the rate of increase from adults to larvae 
is always well under 100, so 100 is a convenient notional figure to assume for the 
potential rate of inereaee. Calculate and tabulate the following : 

1 host egg numbers Ne, assuming 100 eggs per adult, tabulate log Nb — log 
^^1 + 2; 

2 heat larval numbor», converted to logarithms (leg Nt)i 

3 mortality between egg and httval stages l^is log .^ff— log 2I^£; 

4 host larvae surviving parasitism Nl — Pl and tabulate log (Nl^Pi^ » log 8i 

5 host mortality from parasitism, ki = log A^£, — log S; 

6 mortality of survivors after parasite attack up to adult stage kz = log <S — log 
Na% where 2<>'a2 represents the adult population which produces the next genera- 



7 find the generation mwtality K^ki+kt+kt, A check on your figures is 
prudent. CSheck tiiat log Nai-^^-K » log ^^t. 

Key fiMttor analysiB: plot graphs of K, ku kt and l;t against generation number. 

<hieefjbns (a) Is the key footer ku kt or Jbat 

(b) Do these graphs show any sign of denrity dependenoa— dosa ono 
of the ^-values chaqge in the of^Msite dxreetion to the key fieotorf 

Testing for density dependence: for ku kt and kt idot the X;*value for eadi mor- 
tality against the host density on which it acted. 

QueHiona (o) Whidi of the ir-vatues is density dependent? 

(d) What formula best describes this Jb-value? 

Note; the statisticsl method given in eaereise 8.2.5 should be ussd as afinal test 
of any apparently density dependent ib-value found by the mettiod given above. 



8 Oalcnlate the value of the area of diaoovery 

a--pkt. 

QusaUon (e) What form of model (see Chapter 4) describes parasite behaviour? 

9 Estimate the mortality between the larval stage Pl and the reralting number 
id adults Pa in the next year the k value kp » logP^— logP^. 
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Question (f ) Is kp more closely related to Fl or to Ni,l 

7.2 In this exerdae the life table data for the hoet are already provided in 
Table E. The basic analysis of the figures can be done graphioaUy in only a tmr 
minutes, because host p<^>ulations are given as logarithms and the suooessave 
i-vahies for the diflbratit mortality Motors are also printed. 



Table £ Hoet with synchronized parasite and three other mortality factors 

acting in succession. 
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1 Plot A;-valueB on the ordinate Eigainst generation number on the ahsnissa Put 

in the points for K, ki, k2, kz and k4. 
Question (a) Which is the key factor? 

2 Teali fior dnnty dependency. 

A. Draw aoattar diagrams for hi, Jbtt ibs >nd h4 against tha log of the pofNilatioii 
density on which they acted. 

Quutkm (b) Whioli Is-valoee appear to be density dependent? Note thait beoanea 

ik-values are measured by the difference between the logs of two successive 
population estimates, this test can give misleading results: ki in fact entered the 
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model as a series cS laadomly ehoeen numben, idiose meoa was 0*5. Yet a 
regression of jfci on log has a slope near 6 SB 1, suggestiiig peffee^ 
Sptirioiis results Uke this can arise from a number of causes; e.g., in a short series 
of random numbers successive values may be by chance negatively correlated. 
Other difficulties of testing for density dependence are discussed in Exercise 8.6 
and the method given there should be used to test any plot of a ib-value agamst 
log N which appears to be density dependent. 

Question (c) What formula desoribee the rdationship between ht and the kg 

population density on which it acted? 

Use the density dependent test given in Eacesoise 8.26. 

QuesUan (d) What formula describes the relati<»iship between log S and log N 
between which kz acts? 

Question (e) Do any other of these graphs suggest a simple relationship? 

From Table E derive values for the area of diaoovery of the parasite. Use the 

formula derived from formula (4.4) that 

Plot log a against log P. 

Question (f ) What formula best describes the relationship between log a and log PT 
Note that there are difficulties concerning accepting this relationship as statistic- 
ally valid. Tests given in Exerdee 8.2.6. ehould be used on any such apparent 
reiationsh^. 

Chapter 8 

8.1 In Chaptw 8 we tried to draw some conclusions firmn census figures which 

were in many wajrs incomplete. To demonstrate how our understanding of 
ecological processes is diminished if we do not have complete life table figures, 
reanalyse the model in 7.1 using only part of the data. 

QuMtion (a) Most field studies have no figures for Pa- In 7.1 ^i^t is lost if kz is 
measured but the measure of P^i is laddngT 

(b) How might our interpretatiMi be affected if we had no measure of parasitism? 
i.e., the au coo s a ive measurementa are of and NAt ao that the mortality 

between these stages is kt+k^. 

8.2 An advanced exercise in the analysis of real life table figiires. 

Table F summarizes the life table data for winter moth from 1950 to 1968. The 
figures are rounded off to two (or occasionally three) decimal places. Use these 
data in the following exercises. 

8J.1 Calculate tiie densitiea of emeiging adult winter moth (log adults » log 
larvae minus the sum of ibt to Jt%) and use these figures to calculate the egg densitiee. 
Assume (i) that the sex ratio is equality, 

(ii) that 3/4 of the females bypass the trapa and lay eggs» and 

(iii) that each female lays 150 eggs. 

A short cut is to assume that each Adult lays 3/8 x 150 eggs. The log of this 
added to the log adults = log eggs. As a check, log larvae + = log eggs. 
Plot the vahies of ki against the egg densitiee for the years 1956-1968. 
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Exercises 



QueaHon (a) !■ tho oonduaioa from the analyns of the yeazB 1950-1962 that thia 

mortality is density independent still valid? 

BJt.2 For the years 1963-1968 plot the value of iks against tho log denaitiee of 
larvae falling into tho traps, and thus continue the graph in Fig. 7.4. 
Questions (a) Is the regression line still a good description of these dataT 
(b) Is the delayed component shown in Fig. 7.6 still evident? 

The table gives the log densities of Cytenit adults emerging to attack winter 
moth larvae, and the mortality (kt) they cause. Similarly it gives the log denatties 
of Ofoli^ineumon adults and kfi valum. Use fiannida (4.4) that ib-value for para- 
sttismM 

anao/diseoiveryxpanmte de tmijf 

to ceJculate the area of discovery for these parasites for each year. 

Question (a) Do these agree better with the Nicholsonianor with the Quest Uieoriss 

of parasite action described in Chapter 4? 

8J2.4 The number of larvae of winter moth per m^ parasitized by Cyzenis can be 
found by subtracting the antilog of ihe log number surviving Cyzenia attack from 
the antilog oS the log number of winter moth larvae befwe CyzmU attacks. The 
table gives log nmnben of Oyzema adults emerging. Ovulate the Jb-vahies for the 

mortality of Cyzenis between the larval and adult stages. 

Questions (a) Is this mortality related to winter moth larval density? 

(b) Is it related to Cyzenis larval density? 

8.3.5 Questions involving stcUistioal tests 

Density dependence. 

BxptanaUon oftheprobhms 

To be vaHd regression analyses must use independent measurements. We must 
use log denaitjea before (N) and after {S) the action of the mortality. However, 
normal regression methods assume that N is accurately known and that all the 
errors eure in 5 ; this is not true for most field measurements of density where N 
also has sampling errors. Wlien some estimates or assumptions about the relative 
sizes of the errors in N and S can be made, there are statistical methods for 
tackling this sort of problem (see Snedecor 1967, and Bartlett 1949). But if these 

the difficulty using methods to be found in most standard textbooks of atatiatioa. 
Uae the denaitisa at winter moth before and after the action of J;s and make two 

tests. 

(1) Make a correlation and regression analysis of log iS on log N. Calculate the 

correlation coefficient r. 

Question (a) Is the relationship significant? If so, calculate the regression coeffi- 
dsnftk 

(2) Now, aswming all the emna to be in and none in S, calculate the regression 
oosffident 6 Ibr the legresrion <tf log N on logi9. The otwrslation coefficient iathe 

same. 

Questions (b) Are the two regression lines on opposite sides of the line 6 ss 1? If so 

a density dependent relationship has not been shown. 

(o) Are the regression lines on the same side of the line 6=1? 
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(d) Are both linefl sigiufioantly difforont from 6^ IT If so, a formal proof of demity 
dependmcy has been made. 

Note that when an apparent density dependent relationship is seen firom. a plot 
of l;-value on log N where those values are obtained from a model, as will be the 

case in exercises 7.2, the full test is not necessary. The question of errors in the 
measurement of log X docs not ariso. Tho only test necessary is to show that a 
regression and correlation analysis ot log on log X gives a significant slope which 
is also significantly different from a slope of 6 = 1. 
8.2.6 TesUng the log ajlog P relatioruhip 
ExjiicmaHon of the problem 

EVom the formula (4.3) used to calculate the area of discovery 



it is clear that P is used in the calculation of a, and thus a regreesitm analysis of a 
on P is not valid and independent measuremotits must be used i o tost the relation- 
ship. In this case the independent measurements are parasite density and para- 
sitism represented by its A'-value. Use tht* values o( k-z and the densities Cyzenis 
adults and/or the \'alues of and Cratichneutrum densities and carry out the 
following analysis: 

make a oozvelation and regression analysis <^ log A-value on log parasite den- 
sity; calculate r. 

Question (a) Is the correlation significant? If so, calculate h. 

Because there arc errors in tho estimate of parasite density* calculate b for the 

regression of log P on the log A'-values. 

Question (b) Are both regression lines on the same side of (below) 6 = 1? If so, are 
both significantly different from tho slope 6 = 1 ? If so, the log a/log P relatioiuihip 
has been proved. (Note, the regression line 6 » 1 is the one on which pdnta will 
fidl if the area of discovery is a constant.) 

Note that, as in the previous exercise, when a model is being analysed the queslicai 

<d the effect of errors in the measurement of P does not arise. The only test 
necessary is to show that a correlation and regression analysis of the log fc-value 
for parasitism on log parasite density is both significant and significantly 

different from a slope of 6 = 1 . 

8.3 Analyse the data for the black headed budworm given in Table 8.1. 

(1) Convert the numbers in line 2 to logarithms and tabulate log N» 

(2) Convert the peroentages of parasitism to the oorreeponding ft-vahies, hp. 

(3) Assume a 10-foId potential increase (add I to log N). The generation mortality 
iC«»l+log .ATn— log .^^11.1.1. Tabulate the ib«valuee for the residual mortah^ 

kr = K-kp. 

(4) For a key factor analysis plot K, kp and kf against generation number . . • 
your graph should agree with Fig. 8.6. 

(5) Plot kp against log N. 

QuMtion (a) Is this a delayed doisity dsjpendent relationship? 

(0) Plot the values of &r for each generation against the log survivoca from para* 

milum. {\og S = log N—kp). 

Qnssfion (b) Is this a delayed density dependent mortality? 
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Bxenim 



Chapter 9 

The ohangee from goneration to generation in a pest population like that of the 
winter moth oan be wpfeaented by the foUowing model; 



where IS Ln ^i,n+i P^^^ populations in successive generations. In this 

particular model, the potential for increase, J*s=75; ki is a density independent 
morta lity wb i e h can be taken aa aconetant 0*7; 



ia the mortality caused by eearching parasites from the formula (4.12) wheve 
m=:0'52 and Q = 0 056. The number of pests parasitized minua a mortality 
due to gives the next generation of searching parasites Pn+i- 
ifea = 0 - 35 log Nn and is a density dependent mortality caused by predators which 
kill peets and parasite larvae indiscriminately. Use the above data to calculate 
neoeariva ganerationa mitil the aaawem to the questians below beeome evideati 
oommenoe with a peet density of 1<XX> and a parasite population of 30. 
QiMMibn (a) Wbat is the steady density of the pest Starting from the steady 
density of host and paraate how would the following inseetioideteeatmentBaABet 
the pest Nt. population? 

(b) A 70 per cent kill of the pest acting just prior to parasitism in each generation. 

(c) A 70 per cent kill as m (b) which also kills 70 per cent of the searching parasites 
in each generation, and 

(d) A 70 per osnt kill as in (b) whibh also oompletely eliminates the predators. 

(e) What part of the natural enemy complex should be preserved in any control 
programmef 



0 056Pn^-P" 

2-3 
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ANSWERS TO QUESTIONS IN THE EXERCISES 



1.2 (a) Egg and first inttar, (b) Ist-Snd instar, (c) pupa-adult, (d) 0-37. 

2.2 (a) The oonsequenoea cannot be detennined until the rate of increase is 
known. 

2.3 Yei. 

2.4 b ia oocfeot. 

2.5 d is correct. 

2.6 (a) Between 2 and 3, (b) oxt inction foUowa i£F ia more than 4 or below 1. 

2.8 (a) The result is in Fig. 3.10. 

2.9 (a) At higher densities the effect is more severe than 'contest', (b) 0-05, 

(c) 12, (d) 25/477 = 0-062. 
3.2 (a) Yes, (b) yes. 

4.1 (a) No, (b) yes, (c) yes. 

4.2 The value of area of discovery falls with N because of the large handling 
time. 

4.3 (c) logo «-0- 76-0-68 log P. 

6.1 (a) kt = 0>8 log Ntt (b) the egg density varies very little becanse k% has 
almcMt stabilind the adult populationj the variable ki thersfoie kcgely 
detsRuines larval density which in turn detennines kt, 

6.8 (i) (ii) (iii) (iv) (V) 

P 11-6 2-36 2 36 11 6 2 36 
N 0 68 0-295 0-295 6-8 2-95 

6.4 (a) 4. (b) 6. 

7.1 (a) ki is clearly the key factor at first, but by year 6 parasitism {kz) is 
even move important. 

(b) ii ahra^ ehan^es in the opposite sense to the change in Jbi. 

(c) A;3 increases with log Ni, 

(d) In fact a better description is Ara m 0*4 log S. This is because kz acts on 
the total larval population, whether parasitized or not. 

(e) Using the figures given in the Table the area of discovery varies 
between 0-5 and 0-7. It was put into the model as a constant — the 
variation was ntrodnoed ^rrbm the parasite numbera weve rounded off 
to whole numbers. 

(f ) The mortality of the parasite kp is rdatsd to host population log Ng, 

{kp = k3). 

7.2 (a) The key factor is ki, (b) Jfca, (c) fca = 0-4 [(log Nl2) - H- (d) the slope 
6=1 minus the slope found in (c), (e) no — but ki might have a density 
dependent component. It needs testing by the methods in 8.6. (f) log a => 
-1.16-0.5 logP 

205 
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8.1 (a) delayed dmeity dependanfe effiset etOl ehows when k% is pMed 
against log Nl^ but without values for Pa we cannot model Jks. 
(b) is density dependent, but then is no significant slope in the legvee- 

gion slope for {k^ + ks) against N. 

8.2.1 (a) It shows a delayed density dependent relationship. 

8.2.2 (a) Yee, (b) yes. 

8.2.3 (a) Quest. 

8 J.4 (a) No. (b) yes. 

8.8.5 (a) Tee, (b) no, (c) yes, (d) yee. 

8.2.6 (a) Significant in both cases, (b) no. 

8.3 (a) Yes — ^the points when joined consecutively form a spiral, (b) yes. 
8.1 (a) LogNL = 3 l 3. (b) log Nl = 2- 35, (c) log Nl = 2 • 37, (d) the population 

hsee at first and oscillates with decreasing amplitude, (e) predators if they 

act as density dependent factors. 



I 
I 

I 
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GLOSSARY AND DEFINITION OF SYMBOLS 



a Axeaofdifloovery. The total area effeotivdyaearolied for hosto by ^ 

throughout its hfetirae (p. 59). 
a' Coefficient of attcick. An instantaneous rate of encountering hosta. It beeomea 
the area of discovery when multipUed by searching time (p. 68). 

a; P Interspecific competition coefTicients (p. 39). 

AUemcUiona The population density alternates between high and low values in 
auooeasive generations if tbe key factor is density dependent and strongly 
over-oompensates for diange in population density (Fig. 2. 10, o, d, b). 

'ComfMlitton curve* The relationship between peroent parasitism and the area 
traversed by a parasite popuIati<m Pa (after Nicholson 1033). The curve riass 
asymptotically towards 100% as parasite density increases (Fig. 4.3 D). 

C Average rgg complompnt of a female parasite (p. 57). 

Competitive exclusion The elimination of all but one of competing species (p. 37). 
Congeneric species Species belonging to the same genus. 

VonittC competiHon Where each successful competitor gets all it reqoiiea tat 

survival or reproduotion — the remainder get none or insufficient, (p, 26). 
Dent&jf dapmdent A prop<vtionate increase in mortality (or decrease in feeon* 

dity) as population density increases (p. 18, Fig. 2.6 a). 

Density independent The percentage mortality or the survival varies indepen- 
dently of population density (p. 18, Fig. 2.6 c, d). 

Delayed density dependent A parasite will act as a delayed density dependent 
mortality factor on the host if its rate of increase is strongly correlated with 
host density in successive generations, as is assumed in Nicholsoa'a theocy 
(p. 60). 

Devdopmenkd tero The tenqterature To at whieh a given developmental process 
would cease if the rate of the process was proportional to {T—Tq). (Fig 5.2). 

Diapause A physiological condition in which development is arrested, often at 
a particular stage, which tides the insect over an unfavourable season. 

F Reproductive rate. 

Generation curve The population density of a given developmental stage plotted 

against generation number for a sequence of generations (Fig. 1 . 1 o). 
Jfieerie dmnty dependme» A proportionate decrease in mortality {m increase in 

fecundity) as population density increases (p. 18, Fig. 2.6 b). 
k Jk^values {k — log N —log S). Subecripts (e.g. Ae, ^i, ibt • • • tht) refer to suooessive 

stages at which the mortalities act. 
K Generation mortality expressed as a fc-value. 

K Carrying capacity. The equiUbrium population density from the logistic 
equation (Fig. 2.2). 
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Glossary and definition oj symbols 



LiS^ tabU A description of the age>q>eoiflo survival of o(Aort8 of individuals in 

relation to their agp or stagB of development (Chap. 6). 
Logarithmic reproduOim curve A reproduction ourve with logarithmiG sbbb 

(p. 22, Fig. 2.9). 
Logiatio equation ( = Verhulst-Pearl equati<m} (p. 13). 



m Mutual interference constant. A measure of the rate of decrease in searching 

elHcitiiicy as parasite density increases (p. 69). 
N Number of hosts. 

Nii N» Population densities of spedes 1 and 2. 

Na Number of hosts enoonntersd by P seardung parasites. 

Na Number of adults. 

Ne Number of eggs. 

Nka Number of hosts attacked and suocessfuUy paraaitised. 

Nl Number of larvae. 

Nni Nn+i Population density in generations n and n+l. 
Np Nnmbsr of pupae. 

Ng Equilibrium density {— *steady density') of hosts, 
.^o; Populatiim density at time 0 and time f. 

OseiUations Regular cyclic population changes «iiich are the ooosequeooa of 
delayed density dependent factors, and have peaks in the generation curve 
which are 5 or more generations apart (Figs 4.3« 4.9). 

P Number of searchmg adult parasites. 

Pb Number of eggs laid by P pcurasites. 

Pa Equilibrium drasity 'steady dennty') of parasites. 

Portjol jMpulofum eitree The population density of a given developmental stage 
plotted against time (Fig. 1 . 1). 

Q Quest oonstant. The area of discovery when parasite density is I (p. 69). 

Tm The intrinsic rate of natural increase (p. 12). 

Reproduction curve The relationship between the numbers of a given stage in 
generation (n+l) plotted against the numbers of that stage in generation (n) 
(p. 20, Fig. 2.7 c). 

8 Number of hosts surviving parasitism. 

*iSFeram&Is* eompeHtion Where the reeouroe ie shared equally amongst the oom- 
petitovs <p. 25). 

Swcessive percentage morlalily 'amMrent mortality*) The mortality in each 
developmental stage enpressedas a percentage of the number alive at the begin- 
ning of the stage. 

Tn Handling time (p. 68). 

T Total time initiedly available for searching (p. 68). 

Total popuittUon eurvo The total population density of individuals of all stages 
l^otted against time (Fig; 1. 1). 
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* The orders of Insects are abbreviated : Col . = Coleoptera (beetles) , Hym. = Hymenoptera 
(anta, wasps, Ac), Lep. = Lepidoptera (butterflies and moths), Dipt.=Diptera (flies), 
and Hem. = Hemiptera (bugs, Aphids, etc.). 



Abax (Cel.* Carabidae) L24 
AcUris (Lep. Torticidae) 143-5. 15Q 
Adodia (Col. Cocoinellidae) 72. 
Adelina (Microsporidian) 2fi 
Aggregation 55, 74, 135i 149, 16L IfiS 
^firryjjon (Hym. Ichneumonidae) 170- 
1 

Alaptua (Hjnn. Mymeuidae) 50 
Altemationa 25, 11 
Anax (Odonata-Aeschnidae) 77^ 82 
Anomala (Col. Sc€u:ab€ieidae) IfiQ 
AonidieUa (Hem. Coccidae) 53, lftl-2 
ApantelM (Hym. Braconidae) 173, 
LZfi 

A phytU (Hym . Aphelinidae) 53. 161-2 
Area of discovery (a) 59-61. 64, 67, 69, 
72. 94. 107-8. 127-9. 151. 166-70 
Attack coefficient (a') fifi 
rate 61 

Bembidion (Col. Carabidae) II5=fi 
Behavioural response 125. 
Bessa (Dipt. Tachinidae) 77, IM 
Bioclimatic Law &1 
Biological control 63, 66, 7 1^ 131. 
154-78 
strains 

Braaaica (Plant) 78, 173, 115 
Bupalua (Lep. Geometridae) 137-40. 
15Q 

CactobUutis (Lep. Pyralidae) 65, 158 
Calandra — see SitophUua 
California red scale — see AonidideUa 
Calliphora (Dipt. Calliphoridae) 51 
Carrying capeu^ity H 
Catastrophic factor 18, 75, 87, 22 
Cathartus (Col. Silvanida^) 48-9 



Centaurea (plant) 9ft-lll 
Ceratocyatua (fungus) 135. 119 
Ceromaaia (Dipt. Tachinidae) 160 
Choriatoneura (Lep. Tortricidae) 
145-7 

Chortoicetea (Orthoptera Acridiidae) 

ai 

ChryaoUna (Col. Chrysomelidae) 160 
Citrua (plant) 164, Ififi 
Climate 75-93 

Coccophagoidea (Hym. Aphelinidae) 

Cochliomyia (Dipt. Calliphoridae) 
177 

Coexistence 41. 49. 53. 56. 66. 11 
Compensation, under- 22L 

exact- 24, 22 

over- 25 
Competition 11-12 

intraspecific HL 34, 40, 41 

interspecific 33-54 
Competition coefficients 39 
Competition curve 59 
Competitive exclusion 33-4 

displacement 53 
Congeneric species 38 
Contest competition 25-32. 31 
'control' 75. 93, 122, 155 
Cratichneumon (Hym. Ichneumonidae) 
116-33 

Cryptochaetum (Dipt. Cryptochaetidae) 
151 

CryptoUaUa (Col. Cucujidae) 48-9 
Cumulative trapping 115 
Cycles — aee Oscillations 
Cydia (Lep. Tortricidae) 80 
Cyzenia (Dipt. Tachinidae) 74, 115- 
33, 164, 170-1 



Copyri ' 



210 



Index 



Dacua (Dipt. Trypetidae) 51 
Daldinia (fungus) 119 
DendrocUmua (Col. Scolytidae) Hfi 
Dendrolimua (Lep. Leisiocampidae) 

m 

Density dependence 18-31, 33. 45. 53. 
67. 71. 75. 90-3. 112, 122-3. 125. 
129. 147. 153. m 
delayed 65, 124, 145^ 150 
inverse 19, 47, 6L 69. 126, L5Q 

Density independence 18-19. 25. 75 

Determination 76» 87* 9i 

Developmental zero 80 

Diapause 77, Sfi 

Dipsacus (plant) IS 

Disc equation 68 

DroaophUa (Dipt. Drosophilidae) 27-8. 

38, 4L 45, 49, 80 
Dutch elm disease — see Ceratocysttis 



Egg limitation 68 

Encarsia (Hym. Aphelinidae) 63, 65, 
61 

Endocrines 77, 8fi 

Ephestia (Lep, Phycitidae) 69 

Equilibrium 38^ 41, 63 — see also 

steady density 
Erioiachia (Dipt. Anthomyiidae) 

175-6 

Encarcelia (Dipt. Tachinidae) 140 
Eucoama (Lep. Tortricidae) 99-100 
Eurytoma (Hym. Eurytomidae) 9L 

99, 101-10 
Euxanthia (Lep. Tortricidae) 100 
Exact compensation 2A 



Facultative agency 18 
Feedback 14, 122 
Fecundity 1 

Feronia (CJol. Carabidae) IM 

Frontalin L40 

Functional response 67, 69 



Cause's principle 31 
Generation curve 4, 2»-30. 137-42 
histogram 4 



Glenetic polymorphism 33, 54, 83 
Oloaaina (Dipt. Glossinidae) 8A 
Gradozon 128 



Habrocytua (Hym. Pteromalidae) 99. 
104-5 

Handling time {Th) 67-8. 167-70 
Hyloicua (Lep. Sphingidao) 1.36-8 
Hypericum (plant) 156. IM 



Icerya (Hem. Coccidae) 1 fiF>-fi 
Integrated control 131. 155 
Intrinsic rate of increase (rm) 12-14. 

as 



Killing power 1, 3 
A:-value L 7 

Key factor 120-5. 138. 140. 142-3. 
147. 150 
analysis 121. 152 
Klamath weed — see Hypericum 
Knapweed gall-fly — see Urophora 



Laaiua (Hym. Formicidae) 61 
Leiophron (Hym. Braconidete) 51 
Leatodiploaia (Dipt. Cecidomyiidae) 

9L 99, 102 
Levuana (Lep. Zygaenidae) 160 
Life system 138 
Life Tables 4, 94-134. 140 
Locuste SL 88 

Logarithmic reproduction curve 22, 

ai 

Logistic equation 13-14. 17-18. 33. 

80 

Lotka-Volterra equations 33, 39-49 
Lucilia (Dipt. Calliphoridae) 28-32. 
51 

Z-yman/ria (Lep. Lyman triidae) 148 
Lypha (Dipt. Tachinidae) I2fi 



Macroneura (Hym. Eupelmidae) 102 
Magicicada (Hem. Cicadidae) 81 
Malacoaoma (Lep. Lasiocampidae) 
140-2. 150 



Index 



211 



Matsucoccus (Hem. Coccidae) IA& 
Mesoleius (H5rni. Ichneumonidae) lfi5 
Mesopaocw (Psocoptera) 
Metzneria (Lep. Gelechiidae) 99, IQQ 
Microlophium (Hem. Aphididae) 22 
Mortality, apparent, real, successive 
percenter 1 

generation L 1^ 

residual 122, IM 
Multiple regression 89, 90, 143^ 152 
Mutual interference constant (»n) 69, 
108. 127-8. Ifil 



Naaonia (Hym. Pteromalida«) 64, 62 
Necrophorus (Col. Silphidae) 52 
Nemeritia (Hym. Ichneiunonidcie) 67. 
fi9 

Neodiprion (Hym. Diprionidae) 118 

Olive scale 160, Ifi2 

OperopfUera (Lep. Geometridae) — see 

winter moth 
Opius (Hym. Braconidae) 53 
Opuntia — see prickly pear 
Oryzaephilua (Col. Silvanidae) 38i ^ 
Oscillations 23, 63, 65, 140, 143-S. 15Q 
Over -compensation 25, i& 

Panolis (Lep. Noctuidae) 13L 138 
Paramecium (Protozoa) 21 
Parasitoid — see parasites — chapter 4 
etc. 

Pediculoidea — see Pyemotea 
PhUonthua (Col. Staphylinidae) 124. 
125 

Phygadetwn (Hym, Ichneumonidae) 
127 

Phytoaeitdua (Acarina) 164. 113 
Pitria (Lep. Pieridae) 173-5 
Pinua 118 
Plants 

Braaaica (cabbage) 78, 173, 125 
Centaurta (knapweed) 96-111 
Citrua (lemon, orange) 64i 15fi 
Daldinia (fxmgus) 149 
Dipsacua (teazle) IR 
Hypericum (St. John's wort) 56. 



Opuntia (prickly pear cactus) 65, 

154. 158 
Pinna (pine tree) 148 
Populua (aspen tree) L4D 
Quercua (oak tree) 112-34 
Stereum (fungus) 149 
Plaamodium (Protozoa, Haemospori* 
dia) Ua 

Pleurotropia (Hym. Eulophidae) 160. 

163 

Pliatophora (Protozoa, Microsporidia) 
IIB 

Plutella (Lep. Plutellidae) 78-9 
Poecilochirua (Acarina) 52 
Population curves 3r4, 29, 142 

cumulative 4, 9& 

partial 4, ad 

total 3=4 
Populua 14Q 
Predators — see ch. 4 
Prediction 120, 152, IM 
Prickly pear 65, 154, 15S 
Priatiphora (Hym. Tenthredinidske) 
164 

Promecotheca (Col. Chrysomelidae) 79, 
160, lfi3 

Ptifrhomym — Jirffsn ( Dipt ."^rachinithir) 1 60 
PycrMcryptua (Hym. Ichneumonidae) 
167 

Pyemotea (Acarina) 79, 163 

Quercua (plant) 1 1 2-34 
Quest constant (Q) 69, 108 
theory 69-72. 108. 127. 166-7 

Rainfall 78, 82 

Random search 56, 57-73 

mortality 92 
Red spider mite (Acarina) 164, 123 
Regulation 19, 69, 75, 89, 93, 155 
Repellants 177 

Reproduction rate 7, 12-13. 83 

curve 20-3 
Wuibtln.scfln.s (('(»!. CurciiliDnidar) 
160 

Bhizopertha (Col. Bostrychidae) 12, 

13, 16, LL aa 

Rodolia (Col. Coccinellidae) 166-9 

Sarcophaga (Dipt. Sarcophagidae) 
140-2. IM 
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Index 



Scales — linear and logarithmic fi 
Schistocerca (Orthoptera, Acridiidae) 

M 

Scolia (Hym. Scoliidae) IfiQ 
Scolytus (Col. Scolytidae) US 
Scotogramma (Lep. Noctuidae) 83 
Scramble competition 2.')-.'^ 2 
Screw worm 177-8 
Search systematic fifi 

non -random 73-4 
Searching efficiency — see area of dis- 
covery 
Sex attractants 177 
Sigmoid curve U 

SitophUua (Col. Curculionidae) 17-18 
Sitotroga (Lep. (jrclechiidae) 15i IfiS 
Spruce budworm — see Choriatoneura 
Stability 63-6. 69, 7L 74^ IfiS 
Steady density 24.62.101.108.110-11 
Sterilants 111 
Stereum (fungus) IA9 
Stevenson screen 76. 77. SS 
Stress 

Sunspot cycle 82 
Synchrony 23 
Synthetic hormones 177 
Syrphtis (Dipt. Syrphidao) 72, UA 



Tetrastichua (Hym. Eulophidae) 9T 
Therioaphis (Hem. Aphididae) 174 



Thripa (Thysanoptera, Thripidae) 8&- 
Torymus 99-110 

Trialeurodes (Hem. Aleyrodidae) 63. 

Tribolium (Col. Tenebrionidae) 14-16. 

34-9, 4L 45=2 
Trichogramma (Hym. Trichogrammati- 

dae) 164i IfiS 



Undercompensation 23 
Urocerus (Hym. Siricidae) I4fi 
Urophora (Dipt. Trypetidae) 78, 85. 
96-111 



Vedalia beetle — see Rodolia 
Venturia — see NemerUit 
Vespula (Hym. Vespidae) 49 

Weather 76-93 

Winter disappearance 115. 121-3. L25 
Winter moth 112-34. 147. 159-60. 
170-1 



Xiphidria (Hym. Xiphidriidsie) Hfl 

Zeiraphera (Lep. Tortricidae) 142-3. 
150 



Copyt 



